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Preface
In July 2008 I completed my diploma studies, graduating in Physics with a thesis on Z’ pro-
duction at the LHC and the effect of tracker misalignment on its discovery potential. The
analysis work on MonteCarlo data was carried out in the Pisa CMS group.
Following my thesis defence I decided to keep studying in Pisa, and began a "Laurea
Specialistica" (Master) program in "Physics of Fundamental Interactions", focusing on High
Energy Physics. In my last year of studies I had to choose a Master thesis topic, and that
happened in Spring 2010 during the first successful run of the Large Hadron Collider exper-
iments. I was very happy to join again the Pisa CMS group to work on a thesis based on the
first collected data.
Indeed, shortly after Large Hadron Collider began colliding beams of protons in the
2009/2010 data run, the four main LHC experiments began publishing new results. These
were based on measurements performed at a center-of-mass energy never attained before
and had a significant impact on the scientific community.
The expectations on the great amount of data that will be collected in the following years
are compatible with the observations of new physical phenomena, for a wide variety of theo-
retical models developed over the years by theoretical physicists. If these predictions prove to
be true, it is likely that the LHC experiments will lead to significant discoveries soon.
This paper covers my thesis work in the CMS Collaboration. It has been carried out both
at INFN Pisa and at CERN in Geneva, in the context of the B-Physics analysis group.
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Chapter 1
Theoretical background
1.1 The Standard Model of Fundamental Interactions
Our current knowledge on the constituents of the Universe identifies four fundamental inter-
actions:
• The electromagnetic force, most of our daily life experience involves physical effects
governed by this interaction such as light, chemical bonds and chemical reactions
• Gravity, which dominates the behavior of large-scale objects like planets, stars and
galaxies
• The strong force, responsible for the binding of nuclear components
• The weak force, responsible for nuclear β decay and other decays. The weak force and
the electromagnetic one are two aspects of a single interaction, the electroweak one.
these interactions account for all the observable phenomena that have been observed so
far, and each of them can be distinguished by a series of specific properties. The objects
interacting through these forces are point-like and are collectively given the name matter.
These particles are characterized based on their rest mass and on their behavior under the
influence of the different forces.
Also, we observe the existence of an additional class of particles with specular properties
with respect to their matter counterparts, i.e. they have equal rest mass and their charges, as-
sociated to each of the forces, are of opposite sign relative to that of their matter counterparts.
We call these particles antimatter. Antimatter is generally not observed in nature, with a few
exceptions (β+ decay, cosmic rays), and the mechanisms which have led to a preponderance
of matter in the universe are an important field of study for theoretical and experimental
physics.
The theory which describes the behavior of the strong force, of the weak force and of the
electromagnetic force altogether is named “ The Standard Model of Fundamental Interactions”
11
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(SM). At the moment, none of the proposed theories unifying all the four forces has been
universally accepted, either because these theories have not been fully developed, or because
the scale of energy where their predictions could be tested are far beyond our reach with
present technology.
In the Standard Model the aforementioned forces are carried by gauge bosons, that is,
bosons whose quantum fields are invariant with respect to a gauge symmetry transformation.
Each gauge field has an associated gauge symmetry group and thus an associated charge,
which is conserved in the interactions involving that specific field. The existence of such a
charge for fields invariant under a symmetry transformation is referred as Noether Theorem.
1.1.1 Lagrangian density
The Standard Model is a local gauge theory, whose Lagrangian density is invariant under the
symmetry group
SU(3)C ⊗ SU(2)L ⊗ U(1)Y (1.1.1)
where SU(3)C is the group associated to the strong interaction, and SU(2)L ⊗ U(1)Y is the
group associated to the electroweak interaction.
The first (and simpler) formulations of the Standard Model considered interactions involv-
ing massless, spin-1, gauge bosons. Experimental indirect evidence in neutrino experiments
in 1973 (Gargamelle bubble chamber, CERN), and the direct discovery of the W+,W− and Z0
electroweak bosons in 1983 by the UA1 collaboration at the Spp¯S collider proved these gauge
bosons to be significantly massive, with a mass approaching 100 times that of the proton
(mW± = 80.399± 0.023 GeV/c2 and mZ0 = 91.1876± 0.0021 GeV/c2).
Implementing these masses into the theory involves complicated mechanisms, as the sim-
ple addition of a quadratic mass term M2WµW
µ into the Lagrangian density leads to a break-
ing of the gauge invariance. The latter expresses the freedom we are given in the choice of a
complex phase factor multiplying the initial state fields. This requirement is so generic that
every reasonable physical theory should obey gauge invariance. A solution to the mass prob-
lem is provided by the Higgs Mechanism, which is an important component of the Standard
Model. This mechanism predicts the existence of the observed massive weak bosons W+, W−
and Z0 and is also called Electroweak Symmetry Breaking.
Other models apart from the Standard Model have been proposed, such as Supersimmetry,
and are indirectly supported by astrophysical observation. A final answer on which one is a
good description of reality will only be provided by the direct observation of the particles they
predict to exist, and in most of these models that observation is expected to place at an energy
scale between 100 GeV and a few TeV.
The Lagrangian density can be written as in Eq. 1.1.2
LSM =Lgauge +Lscalar +Lleptons +L `Yuk +Lquarks +L qYuk (1.1.2)
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where
• Lgauge contains the dynamical terms of the photon, gluon, W± and Z0 and the interac-
tion terms between them
• Lscalar contains the dynamical terms of the Higgs boson and the interaction terms be-
tween itself and the W±, Z0
• Lleptons contains the dynamical terms of the leptons and their interactions terms with
the gauge bosons
• L `Yuk contains the Yukawa couplings of the leptons, leading to them acquiring a nonzero
mass
• Lquarks contains the dynamical terms of the quarks and their interactions terms with
the gauge bosons. Also, the CKM quark weak mixing matrix is included in this part, to
express the observed processes where a quark transitions to a different one plus a W
boson
• L qYuk contains the Yukawa couplings of the quarks, leading to them acquiring a nonzero
mass
1.2 Theory before J/ψ discovery from a historical perspective
1.2.1 The quark model
The 1964 papers by Murray Gell-Mann[1] and by George Zweig[2] , postulating the existence
of elementary fermion constituents of the hadrons (“quarks”), were a major theoretical break-
through. Indeed a great variety of particles were discovered in that decade and these papers
set a theoretical basis in explaining some of their proprieties.
Among these were the regularities seen in their spectra and the conservation of some
internal quantum numbers by the strong force. One of these was the “strangeness”, which is
violated by the weak interaction only, leading to the very long half-life of the K mesons.
In the same year James Bjorken and Sheldon Glashow released a paper [3] in which
they introduced a theory characterized by an additional quantum number, which they named
“charm”. Still, the article didn’t stress enough the importance of an additional quark. One has
to consider that the quark theory was still very young and at the time it hadn’t received yet
a clear experimental confirmation, which will come in 1968 with the observation of Bjorken
scaling in electron Deep Inelastic Scattering experiments at SLAC[4][5][6].
1.2.2 The GIM Mechanism
The inconsistencies which arise for a three-quark model are explained in a classical paper by
Sheldon Glashow, Jonh Iliopoulos and Luciano Maiani [7]. More specifically, the authors state
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that the weak interactions can be ordered according to their dependence upon a cutoff mo-
mentum Λ. Neglecting for simplicity any logarithmic dependence on the cutoff, contributions
to the S matrix of the form ∞∑
n=1
An(GΛ
2)n (1.2.1)
(where G = 1.16637(1) · 10−5GeV−2 is the Fermi coupling constant) are called zeroth-order
weak effects. Similarly, terms of the form
G
∞∑
n=1
Bn(GΛ
2)n (1.2.2)
are called first-order weak effects. This definition is extended to `-th order effects
G`
∞∑
n=1
Cn`(GΛ
2)n (1.2.3)
For our discussion on three-quark theories, we just need to consider the terms up to the
first order:
• The 0th order terms in G may cause parity violation and a failure of hypercharge con-
servation in strong interactions, but all experimental tests at the time when the paper
was published showed no such violations.
• The 1st order terms in G include contributions to well-known weak processes, but may
also include contributions leading to a (significant) splitting in the rest mass of the two
eigenstaites of the neutral kaon K1 and K2, which is not observed (assuming CPT today
we indirectly measure the splitting to be O(10−12MeV)). Also, some of these terms
would contribute to decay modes of neutral and charged kaons that were not observed
at the time of the writing of the paper, and calculations in the three-quark model implied
that they should have been observed.
While the problems introduced by 0th order terms can be brought under control by making
some assumptions on the terms leading to the breaking of symmetry, those arising from 1st
order terms remain. This was the main drive behind the evolution past a theory where the
only quarks were a u,d,s triplet.
Glashow, Iliopoulos and Maiani suggested a theoretical model where the quarks were
four: one triplet (up,down,strange) and an additional quark (charm) having the new quan-
tum number C = 1. This model solves the formerly introduced problems and allows for the
existence of neutral currents carried by a neutral weak boson (the theory will be further de-
veloped in the following years by S. Glashow itself, A. Salam and S. Weinberg, on a model
joining electromagnetic and weak force, adding the spontaneous symmetry breaking mecha-
nism conceived by P. Higgs to generate the particle masses). This model with an additional
quark is named after the initials of its authors and is refereed as “GIM mechanism”.
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Considering the charged Kaon decay modes, the ratio between the branching ratio for a
strangeness-changing (∆S = 1) neutral current decay and the one relative to a strangeness-
changing charged current decay
BR(K+→ pi+νν¯)
BR(K+→ pi0µ+νµ) < 10
−5 (1.2.4)
indicates that in nature the (∆S = 1) neutral current decays are highly suppressed in the case
of kaons. In a theory with three quarks the neutral current coupling between quarks would
be[8]
uu¯+

dd¯ cos2 θc + ss¯ sin
2 θc
︸ ︷︷ ︸
∆S=0
+

sd¯ + s¯d

cosθc sinθc︸ ︷︷ ︸
∆S=1
(1.2.5)
where the θc is the Cabibbo angle. The second term would be the one responsible for the
(unobserved) frequent ∆S = 1 neutral current decays (as in Fig. 1.1). If we add a fourth
quark (c for charm) the equation becomes
uu¯+ cc¯+

dd¯ + ss¯

sin2 θc︸ ︷︷ ︸
∆S=0
+

((((
((((sd¯ + s¯d − sd¯ − s¯d

cosθc sinθc︸ ︷︷ ︸
∆S=1
(1.2.6)
and since the second term responsible for∆S = 1 decays is zero, those decays are suppressed.
Figure 1.1: [left] Weak neutral currents vertexes in a theory with 3 quarks only, the center right re-
sponsible for ∆S = 1 . [right] Additional vertex in a theory with 4 quarks, which leads to
cancellation of the ∆S = 1 part
1.3 The Discovery
The J/ψ particle was jointly discovered in 1974 by the SLAC-SP-017 collaboration[9], led
by Burton Richter at the Stanford Linear Accelerator Center (Menlo Park, California), and by
the E598 collaboration[10], led by Samuel C. C. Ting at the Brookhaven National Laboratory
(Upton, Long Island, New York).
While the SLAC-SP-017 collaboration was observing hadrons, e+e− and µ+µ− pairs pro-
duced in the collision of two counter-rotating beams of electrons and positrons in the 4 GeV
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Figure 1.2: [left] Measured cross section as a function of energy at SLAC-SP-017 for a) multi hadron
final states, b) e+e− final states, c) µ+µ−, pi+pi− and K+K− final states. The scale is
logarithimc.[9] [right] Invariant mass spectrum of e+e− pairs measured by E598 showing
the sharp J/ψ peak[10]
SPEAR storage ring, the E598 collaboration was observing the e+e− pairs resulting from the
collision of a beam of protons - extracted from the 30 GeV AGS proton synchrotron - on a
fixed Beryllium target, in the reaction p+ Be→ e+e−+ x . It is noteworthy that the discovery
was made by two independent groups in a short period of time using two completely different
production mechanisms.
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Figure 1.3: Schematic of the E588 experiment at the BNL AGS synchrotron, from [10]
The discovery came unexpectedly as a resonance in the invariant mass spectrum around
3.1 GeV/c2. The team at SLAC had the opportunity to perform a "scan", that is, to change
precisely the electron beam energy and measure how the production probability of the new
particle changed as a function of the center of mass energy. The resonance width was found
to be compatible with zero by both experiments, i.e. the measurement of the peak width was
found to be limited by the attainable precision of the apparatuses in measuring the momen-
tum of the decay products. Theorists soon identified the J/ψ as a charm-anticharm bound
state[11], confirming the predictions of the GIM mechanism.
1.4 Properties, production and decay mechanisms
The J/ψmeson has been identified as a charm-anticharm bound state. These quark-antiquark
bound states are collectively referred as "quarkonia", and more specifically to cc¯ states they
are referred in literature as "charmonia". The main properties of the J/ψ are listed in the
Review of Particle Physics[12] and are updated yearly on the basis of recent experimental
measurements:
• Mass MJ/ψ = 3096.916± 0.011 MeV
• Total width ΓJ/ψ = 92.9± 2.8 keV
• Isospin I = 0, G-Parity −
• Spin J = 1, P-parity −, C-parity −
The J/ψ is produced via three main paths:
• Direct production
• Decay of a higher energy charmonium state
• Decay of a B meson
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1.4.1 Direct Production
The J/ψ is produced in processes involving the exchange of gluons and (rarely) photons. The
high mass of the charm quark requires these intermediate bosons to be hard (i.e. to carry
a big energy) in order to produce a cc¯ pair. This fact is important, as the strong coupling
constant is small at high energy and, therefore, the vertex responsible for the production of
the quark-antiquark pair can be studied in perturbation theory (i.e. using Feynman diagrams).
Indeed, in this picture we can separate the J/ψ production scenario in two phases:
• The first phase is the hard process producing the cc¯ pair. Due to the relationship between
distance and energy, this is a process taking place at short distance and timescale, of the
order of 1/mc . Given the fact that the energies coming into play at this moment are
much higher than those of later stages, the flight direction of the J/ψ is mostly defined
at this point.
• The second phase involves the hadronization of the pair by the strong interaction into
a bound state, the J/ψ meson. The process occurs at lower energies via soft gluon
exchanges, at longer time and distance scales of the order of 1/ΛQC D, where ΛQC D is the
typical QCD scale for bound state systems, and is nonperturbative due to the behavior
of QCD at low energies.
Most of the models on J/ψ production follow this two-step scheme, which allows to factor
out from the transition amplitudes the nonperturbative terms, which can’t be calculated with
modern techniques, and study the remaining terms with known theoretical methods.
1.4.1.1 The Color Singlet Model
The Color Singlet Model was first developed in the 1980s, and was the first model to predict
quantitatively the behavior of J/ψ direct production in a wide variety of production scenarios,
such as e+e− collisions, hadron collisions and photoproduction. The model follows a two step
scheme as described previously:
• First, a cc¯ pair is created in a color singlet state and having the SAME quantum numbers,
J PC = 1−−, as the J/ψ final state. This process occurs at the short characteristic distance
of 1/mc
• Then, the pair is bound by long-distance, nonperturbative QCD processes involving soft
gluons.
Following this subdivision, we can write the cross section as:
dσ
 
J/ψ+ X

= dσˆ

cc¯

3S(1)1

+ X

|Rψ(0)|2 (1.4.1)
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where the “(1)” in cc¯

3S(1)1

indicates the color-singlet state (which gives the name to this
model) and Rψ(0) is the J/ψ wave function at the origin (i.e. at short distances compared
to the characteristic distance of the nonperturbative binding potential). The dσˆ contains the
perturbative part of the expression and can be calculated by expanding in powers of αs(mc).
The value of Rψ(0) can be obtained experimentally by exploiting the decays of the J/ψ into
charged leptons, which involve only QED (the Z0 contribution at these energies is negligible)
and at leading order read:
Γ

J/ψ→ `+`−' 4α2
9m2c
|Rψ|2 (1.4.2)
For what concerns the LHC environment, where hadronic collisions occur at high energy
and the most important parton contribution in collisions is that coming from gluons, the
leading order process in α3s is expected to dominate low pT J/ψ production. Indeed, the most
important process is gluon fusion, shown in Figure 1.4, which can also produce χc mesons.
Figure 1.4: [left] In the Color Singlet Model, the dominant process in high energy hadron collisions
involves two incoming gluons which interact to form a color-neutral J/Ψ and a gluon final
state. [right] In a similar process involving an intermediate gluon state, χc particles are
produced as well. These have an important role in J/Ψ indirect production
Another process contributing to the production of charmonium is parton fragmentation:
either gluon fragmentation or quark fragmentation, which are represented in the the diagrams
in Fig. 1.5
1.4.1.2 NRQCD and the Color Octet Model
In the 1990s Bodwin et al. [13] developed a model to describe the decay of P-wave char-
monium states as the χc . Later this model evolved into a more complete one [14], which is
known today as Non-Relativistic QCD (NRQCD). This model exploits the high mass of bottom
and charm quark (which weighs mc = 1.27
+0.07−0.09 GeV/c2, current PDG value[12]) compared to
the QCD energy scale (order of ' 300 MeV [15]), treating quarkonium as an approximately
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Figure 1.5: [left] Gluon fragmentation leading to the formation of a J/ψ, a process at O

α5s

. [right]
A charm quark fragments to produce a J/ψ, a process at O

α2s

non-relativistic system, and expanding the expressions in powers of the strong coupling con-
stant αs - as usual - and of v =
p
E
where v2 ' 0.23 in the case of charmonium [16].
This model, as the one described previously, factorizes out the non-perturbative part of the
transition matrix element, leaving an expression which can be studied with current theoretical
methods.
In the color-octet formulation of NRQCD [16][17], the spin 1, S-wave quarkonia final
states wavefunctions can be written in terms of Fock space components
ψQ¶= OQQ¯h3S(1)1 i (1) QQ¯h3S(1)1 iE
+O
QQ¯
h
3P(8)J
i (v) QQ¯h3P(8)J iE
+O
QQ¯
h
1S(8)0
i
g
(v2)
QQ¯h1S(8)0 i gE
+O
QQ¯
h
3S(1,8)1
i
g g
(v2)
QQ¯h3S(1,8)1 i g gE
+O
QQ¯
h
3D(1,8)J
i
g g
(v2)
QQ¯h3D(1,8)J i g gE+ . . .
(1.4.3)
where the OW

vk

are the matrix elements corresponding to the total spin, angular momen-
tum and color state W of a QQ¯ pair, of order k in the expansion in powers of v.
The cross section for the production of a J/ψ in a collision between two particles A and B
depends on the contributions of the different intermediate states, and can be written as
dσ
 
J/ψ+ X

=
∑
J ;L;C
dσˆ

A+ B→QQ¯ [J ; L;C] + X · 〈O (J ; L;C)〉 (1.4.4)
where 〈O (J ; L;C)〉 indicates the contribution of all the states having a QQ¯ pair in a definite
spin J , angular momentum L and color C state.
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Since in the case of the J/ψ we have v ' 0.48, the first and second order terms in v have a
significant contribution to the final production cross section. This explains some experimental
measurements which I’m going to discuss in the next chapter.
Figure 1.6: Color Octet Model vertex for J/ψ direct production. The dashed line separates the per-
turbative c¯c production process from the non-perturbative binding process. The external
gluon line protruding from the non-perturbative "blob" represents the soft gluon carrying
away the color and leading to a color-neutral charmonium final state.
1.4.2 Indirect Production
The J/ψ can emerge as well from the decay of a promptly-produced, higher mass charmonium
state. This often happens in the case of a cc¯ state traveling a very short distance, too short
to be measured, and giving birth to a set of “anonymous” decay products (e.g. low energy
photons) that make its identification very difficult. The spectrum of the charmonia is quite
rich, and many of these states decay frequently to a J/ψ, as shown in Figure 1.7
Figure 1.7: The spectrum of cc¯ states, organized by spin, parity and C-parity. Many of the higher mass
can decay to a J/ψ
this kind of secondary production poses a significant experimental challenge when consid-
ering measurements such as the polarization, as in general nothing guarantees that the final
states of this kind of J/ψs and those of directly produced J/ψs are described by the same
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statistical distributions (instead, there are good reasons to suppose the contrary, as the decay
to a J/ψ involves other particles).
1.4.3 J/ψ from B mesons
B mesons are produced in high energy collisions in significant amounts. We identify them
as particles having a bottom (or anti-bottom) quark among their valence constituents. The
bottom quark cannot decay via electromagnetic or strong force, due to the flavor conservation
property of these forces. Thus, the only decay path allowed for these particles is a weak decay
of their constituent quarks.
Due to the fact that the bottom quark weak decay is suppressed by the smallness of the
CKM matrix elements |Vcb| ' 0.04 and |Vub| ' 0.004, these particles have a mean life of
1.568± 0.009 · 10−12s[12], long enough for them to travel a mean distance of the order of
470µm before decaying.
Thus, the B meson decay to charged particles generates secondary interaction vertices,
which appear to be displaced with respect to the primary collision vertex in which the B meson
was created. Clearly, the detector observing the decay has to be precise enough to observe the
displacement (today most high energy physics research detectors do). This property can be
used to specifically identify B mesons and this technique is referred as “b-tagging” in literature.
The B mesons can decay to a J/ψ particle and their branching ratio to the latter channel
is reported to be[12]
BR
 
B→ J/ψ+ anything= 1.16± 0.10%
as in the case of indirect production there’s no guarantee that J/ψs coming from B decays
have observables distributed in the same way as directly produced J/ψs and - again - there
are many reasons to suppose that they are differently distributed since the B meson (weak)
decay is a completely different process from direct production (which involves mainly the
strong force).
1.4.4 Decay
The following Table 1.1 lists the main decay modes of the J/ψ particle, along with their
branching rations.
One interesting feature of the data shown is that electromagnetic decays (into leptons and
virtual γ → hadrons) have a frequency comparable to that of strong decays (ggg and ggγ),
which happen almost 2
3
of the times. This is not trivial, as we would expect the strong decays
to dominate over the electromagnetic ones, since the coupling constant for QED is α' 1/137
where that for QCD is of the order of 1.
1.4. PROPERTIES, PRODUCTION AND DECAY MECHANISMS 23
Decay mode Branching Ratio
hadrons 87.7± 0.5%
g g g 64.1± 1.0%
g g γ 8.8± 0.5%
virtual γ→ hadrons 13.5± 0.3%
leptons 11.87± 0.12%
e+e− 5.94± 0.6%
µ+µ− 5.93± 0.6%
Table 1.1: J/ψ Decay modes and Branching Ratios
1.4.4.1 OZI rule
A qualitative explanation for an analogous behavior in φ meson decays was proposed inde-
pendently by Susumu Okubo, George Zweig and Jugoro Iizuka, giving the name "OZI rule" to
this effect from the initials of the authors. The case of the J/ψ is equivalent and I will focus
on the latter. Generally, the OZI rule states that graphs where a cut between final and initial
states can be made by crossing only gluon lines end up being suppressed with respect to the
other strong processes.
The J/ψ particle has a total charm of C = 1 − 1 = 0, and this is conserved in strong
and EM interactions. Considering only the discrete quantum numbers, the J/ψ could decay
into two hadrons, each containing one charm quark/antiquark of the cc¯ pair. Unfortunately,
the mass of the J/Ψ is smaller than twice the mass of the lightest charmed particles, the D±
mesons
mJ/ψ = 3096.9MeV < 3739.2MeV= 2mD±
thus, the decay to D+D− is kinematically forbidden. Indeed, cc¯ states with a rest mass
above the 2mD± threshold, like the ψ(3770), do decay into D± mesons almost all the times
(> 90%) and have a much shorter lifetime, which translates in decay widths around 300 times
larger than the one of the J/ψ (which has Γtot = 92.9 keV). In the case of the latter, the only
possible strong decay involves the annihilation of the cc¯ pair into gluons.
Due to spin and P symmetry conservation, the intermediate n gluons state requires an odd
n, since the J/ψ has J PC
 
J/ψ

= 1−− and the gluon has J P(g) = 1−. One-gluon decays to
form a single vector meson, as a φ(1020) are kinematically forbidden by momentum conser-
vation, thus the minimum number of gluons to be radiated is three, see Fig. 1.8. Also, due to
the great mass of the charm quark compared to the masses of the lighter quarks, the gluons
have to carry a great momentum, and the coupling of the strong force at high momentum is
small (about 0.26 at 3 GeV/c [12]). These effects lead to the OZI suppression and therefore
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to the long lifetime of the J/ψ.
Figure 1.8: The J/ψ decays into 3 pi. For this process to happen the cc¯ pair has to annihilate and
radiate three gluons, thus the OZI suppression rule applies
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Chapter 2
Measurements on cross-section and
polarization
2.1 Luminosity and Cross-section
The cross section represents the probability that a given process occurs when two particles
collide. For a machine colliding A particles with B particles, the number of events per unit of
time (event rate) for a given process A+ B→ X1+ X2+ · · ·+ Xn can be written as
R=L ·σ(A+B→X1+X2+···+Xn) (2.1.1)
where the flux of particles is referred as luminosity. Modern machines collide beams of
particles which are grouped into “bunches”, composed of approximately the same number of
particles, spaced evenly across the beam. Only charged particles can be directly controlled and
accelerated with today’s electromagnetic technology, and the production of beams of neutral
particles is possible only indirectly, by sending accelerated charged particles on a suitable
target.
2.1.1 Luminosity
For a particle inside a bunch, in the case of small deviations of its orbit from the ideal one
(which corresponds to the orbit of the center of the bunch), on average the electromagnetic
fields inside the various machine components exert a force proportional in strength to this
deviation ξ, pushing it towards the ideal orbit, in a behavior similar to that of a spring. The
potential energy of a spring upon an expansion ξ is known to be
U =
1
2
k∆ξ2 (2.1.2)
and as the many particles in a bunch are interacting via the electromagnetic force, con-
fined by the spring-like potential around the center of the bunch, we expect their distribution
27
28 CHAPTER 2. MEASUREMENTS ON CROSS-SECTION AND POLARIZATION
around the center of the bunch and at a distance ∆ξ=
 
∆x ,∆y,∆z

from it to be
φ (ξ)∝ e−U = e− 12(kx∆x2+ky∆y2+kz∆z2) = e−
1
2

∆x2
σ2x
+∆y
2
σ2y
+∆z
2
σ2z

(2.1.3)
thus, we expect the particles inside the bunches to be distributed normally around the
center of the bunch. In this case, if the bunches collide head-on, flying collinearly to the z
axis and have the same distribution in the plane transverse to the z axis, the luminosity can
be expressed as
L = f n1n2
4piσxσy
(2.1.4)
where σx and σy are the Gaussian widths of the bunches in the x and y coordinates, n1
and n2 are the number of particles in each of the two beams and f the revolution frequency
of the particles. This expression is valid if the distribution of a bunch in the transverse plane
doesn’t change much along the z axis, and if the bunches are not excessively distorted by the
collisions.
2.1.2 Cross-section
Since ordinary matter – which composes the targets in fixed-target experiments – and par-
ticle beams undergoing collision have very low densities compared to the typical densities
of nuclear matter and hadrons (density at which the mean distance between particles is of
the order of the typical distance for strong interaction) it is very unlikely for more than two
particles to be involved in a single interaction. Thus, virtually all the collisions we are going
to study are of the kind A+ B → X1 + X2 · · ·Xn, with two incoming particles and n outgoing
particles. This makes possible to express the cross section for a process in a simple form.
This cross section is generally dependent on the kinematical properties of the initial and
final states, and may be dependent on their spin polarization. In the case of a process
A+ B→ X1+ X2 · · ·Xn
for initial 4-momentum PA and PB, initial spins sA ans sB and for final states with spins
(sX1 , sXn , · · · , sXn), and contained in a small volume of the final particles phase space dΦ(n)
around the momenta PX1 , PX2 , · · · PXn , the cross section for the process is calculated as
dσ =
1Æ 
pA · pB2−m2Am2B |M|2 dΦ(n)

PA, PB, sA, sB; PX1 , PX2 , · · · PXn

(2.1.5)
where M is the matrix element for the given process. In the case of perturbative processes
this matrix element can be calculated with a variety of techniques, the most common being
the Feynman diagrams (for details see[1][2]).
2.2. POLARIZATION 29
By using these tools a prediction of the cross-section in the context of a specific theory
can be formulated and, therefore, the theory can be tested, for instance by comparing its
prediction for the cross-section to the experimental measurement.
The measurement of the cross-section is ideally simple, as it just involves counting the
number of events recorded by the detector, supposing we know the integrated luminosity∫ L dt over which the data was taken.
In reality, though, this measurement is complicated by the need of correctly estimating
the detector acceptance and the selection efficiency of the analysis process, as well as the
luminosity L .
The integrated luminosity is subject to uncertainties as well because, although it is inferred
from known processes, the behavior of these processes at a new energy regime can only be
predicted through extrapolations, which need to be confirmed by detailed studies.
2.2 Polarization
We say a particle to be polarized if the projection of its spin on a chosen axis (polarization axis)
exhibits in mean a preferential orientation, i.e. if the projection has a nonzero mean value.
In a similar way to the cross section measurements, the polarization measurement can
put to test a theoretical model: as the couplings between particles are often spin-dependent
the data may support or disprove the existence of specific processes. For what concerns the
discovery of new particles, the polarization measurements are fundamental in determining
their spin and parity.
The choice of the polarization axis is important: particle spins can be seen to be polarized
with respect to a given axis while at the same time be unpolarized with respect to another
one. Usually the chosen axis is collinear to the direction of one of the beams, or collinear to
the direction of flight of the studied particle, or an axis geometrically derived from these two
directions. The reference frames commonly used are:
• Helicity Frame (HX): a frame where the particle is at rest, with the zˆ axis corresponding
to the direction of flight of the particle in the laboratory frame, i.e. zˆ is the direction in
which we have performed a Lorentz boost to switch from the laboratory frame to the
rest frame of the particle.
• Gottfried-Jackson frame (GJ): a frame where the particle is at rest, with the zˆ axis
corresponding to the momentum of one of the colliding beams in that frame.
• Collins-Soper Frame (CS): a frame where the particle is at rest, with the zˆ axis corre-
sponding to the bisector of the angle formed by the momentum of one beam and the
opposite direction to the momentum of the other beam.
Figure 2.1 shows the aforementioned polarization frames. The helicity and Collins-Soper
are the most important ones, the former identifies the direction of flight of the J/ψ in the final
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Figure 2.1: Commonly-used polarization frames. Shown is the choice for the zˆ in the helicity frame
(zHX), in the Gottfried-Jackson frame (zGJ) and in the Collins-Soper frame (zCS)
state, the latter corresponds in mean to the direction of flight of the initial state partons, since
the momentum of the partons has zero mean value in a plane transverse to the beam axis.
The angular distribution for the decay width of a spin-1 particle X with mass M , polarized
along the zˆ axis and decaying to a lepton-antilepton pair `¯` (each of mass m) can be written[3]
as
1
Γ
dΓ
dΩ
=
1−

1− 4 m2
M2

sin2 θ
2
− 4 m2
M2
|b|2
|a|2+|b|2 + 2
Re(a∗b)
|a|2+|b|2
q
1− 4 m2
M2
cosθ
1− 1
3

1− 4 m2
M2

− 4 m2
M2
|b|2
|a|2+|b|2
(2.2.1)
where a generic vector-axial coupling LI = eXµ(aψ¯γµψ + bψ¯γµγ5ψ) (with a and b
coefficents, e is the electron charge, θ is the polar angle) between the spin-1 particle and the
leptons has been assumed.
My study of J/ψ polarization considers the decay channel J/ψ→ µ+µ−. The muons don’t
interact strongly so - at leading order - can be produced only via a virtual photon state or
through weak processes, though the latter are strongly suppressed due to the low Q-value
of this decay. Thus, practically all the decays to muons will be mediated by an intermediate
photon state, which has vector coupling only.
The muons from the J/ψ→ µ+µ− 2-body decay have a momentum p of 1545 MeV/c[4],
thus the Lorentz factor has a value of
γ=
E
E0
=
Æ
p2c2+m2µc
4
mµc2
' 14.66 (2.2.2)
where mµ = (105.658367 ± 0.000004) MeV. The value for γ is big enough to allow us to
consider the muons in the massless limit mµ → 0. Thus, equation 2.2.1 in the case of J/ψ
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Figure 2.2: Choice of polarization angles θ and φ. The production plane is defined as the one con-
taining the colliding beams and the J/ψ flight path.
decay becomes
1
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dΓ
dΩ
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
1− 4 m2
M2

sin2 θ
2
1− 1
3

1− 4 m2
M2
 ' 3
2
cos2
θ
2
(2.2.3)
this distribution is dependent on the polar angle θ only, but if we were observing the decay
in a reference frame where the spin is not aligned to the zˆ axis, also a dependence on the
azimuthal angle would have emerged. This fact underlines the importance of performing a
measurement in two dimensions, since we don’t know the natural J/ψ polarization axis a
priori.
It is important to underline that the angular distribution in equation 2.2.3 describes the
decay into two leptons of a single particle with “known” polarization along the zˆ axis. In a real
experiment with yet-to-be-measured polarization, if the produced J/ψ are not polarized we
expect (by definition) their spins to be distributed isotropically and - therefore - the angular
dependence of equation 2.2.3 to be randomized out to a constant value over the entire solid
angle.
It is likely that the J/ψ is at least partially polarized - previous experimental data suggest
this - and that the polarization changes as a function of parton center-of-mass-energy (and
therefore momentum), due to the onset of different production mechanisms: simple 2-parton
processes at low energy, then more and more complex fragmentation processes with increas-
ing energy. It is thus advisable to perform the measurement in different bins of momentum.
As discussed in Chapter 1, there can be many contributing processes to the production of
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J/ψ vector mesons. By calling |V (i) > the state resulting from a particular production process
i, we can write it[5][6] as a linear combination of eigenstates of the Jz operator
|V (i) >= b(i)+1 · |Jz =+1> + b(i)0 · |Jz = 0> + b(i)−1 · |Jz =−1> (2.2.4)
Equation 2.2.3 can be generalized to the case of a zˆ axis not aligned along the natural spin
axis, and in the case of a single event the decay probability distribution reads
W (i)(θ ,φ)∝ 3
4pi
N (i)
3+λ(i)
θ
(1+λ(i)
θ
cos2 θ
+λ(i)
φ
sin2 θ cos 2φ +λ(i)
θφ
sin 2θ cosφ
+λ⊥(i)
φ
sin2 θ sin2φ +λ⊥(i)
θφ
sin2θ sinφ) (2.2.5)
where helicity and parity conservation have been assumed, N (i) = |a+1|2 + |a0|2 + |a−1|2
with a+1, a0, a−1 being the partial decay amplitudes of the three Jz components in Eq. 2.2.4.
Considering the presence of n contributing production processes, with each having a
weight f (i), the most general observable decay differential distribution for the muons can
be written as
W (θ ,φ) =
N∑
i=1
f (i)W (i)(θ ,φ) (2.2.6)
The terms proportional to sin2φ and sinφ introduce an asymmetry of the distribution
with respect to reflection by the production plane. These terms arise from the transverse
momenta of the incoming partons.
However, since the partons have a transverse momentum distribution which is symmet-
rical with respect to the production plane, the contribution of these terms is unobservable
because they are antisymmetrical with respect to change of the angle φ→−φ and thus their
mean is zero.
If we consider the contribution of all the production processes, and assign each of them a
weight f (i), the observable decay distribution becomes:
W (θ ,φ) =
∑
i
f (i)W (i)(θ ,φ)∝ 3
4pi
1
3+λθ

1+λθ cos
2θ +λφ sin
2 θ cos 2φ +λθφ sin2θ cosφ

(2.2.7)
where the angles θ and φ are, respectively, the polar angle with respect to zˆ and the angle
around zˆ with respect to the production plane (shown in Figure 2.2). The comprehensive
anisotropy parameters λθ ,λφ and λθφ are a weighted mean of the λ
(i)
θ
,λ(i)
φ
and λ(i)
θφ
of each
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single process:
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(2.2.8)
The variables λθ ,λφ and λθφ are subjected to a series of constraints, which come from
the requirement that the distribution in Eq. 2.2.7 assumes non-negative values only. These
constraints are:
|λφ | ≤ 1+λθ2 , |λθφ | ≤
1−λφ
2
, λ2θ + 2λ
2
θφ ≤ 1 (2.2.9)
and (1+ 2λφ)
2+ 2λ2θφ ≤ 1 if λφ <−
1
3
(2.2.10)
the same constraints are graphically represented by the shaded areas in Fig. 2.3. Also, the
same figure shows the pure eigenstates of spin along the xˆ , yˆ , zˆ axes as points in the parameter
space.
Figure 2.3: Allowed region for the polarization parameters, shown as shaded areas. Pure eigenstates
of spin of the J/ψ along the xˆ , yˆ , zˆ axes are shown in specific points of the λθ −λφ plot
While theoretically the knowledge of the parameters λθ , λφ and λθφ in a given frame
of reference would give a complete description of the decay distribution, the experimental
reality is that the measurement in a single frame could lead in certain cases to difficulties in
fitting function 2.2.7 to the data, due to an unlucky alignment of the polarization axes. It is
thus advisable to measure the decay parameters in at least two independent reference frames,
in order to perform a cross-check.
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2.3 Past measurements
2.3.1 CDF
CDF is an experiment being operated at the Fermi National Accelerator Laboratory (Fermilab),
installed at the B0 collision point of the Tevatron collider. This machine accelerates protons
and antiprotons, each beam having a top energy of 980 GeV, and collides them with a lumi-
nosity of around 4 · 1032cm−2s−1. Tevatron has been one of the most important laboratories
worldwide for the past 24 years in the field of High Energy Physics, and one of the biggest
achievements of its two experiments, CDF and D0, is the discovery of the top quark in 1995.
Figure 2.4: [left] Layout of the CDF detector. [right] View of the CDF detector opened for the instal-
lation of the silicon tracker
In years 1992-1993 the CDF collaboration measured the cross section for the prompt
production of the J/ψ and ψ(2S) particles[7], and found it to be about 50 times higher
than that predicted by the Color Singlet Model[8]. A plot presenting this data is visible in
Figure 2.5 This was the main reason behind the adoption of the more evolved Color Octet
Model based on NRQCD factorization.
As the Tevatron was updated in 2001 for the Run II, allowing the experiments to collect
much larger samples of data, in 2007 it was possible for the CDF experiment to perform a
measurement of the polarization of the J/ψ particle with respect to the direction of its flight
path (i.e. in the so-called helicity frame) as a function of transverse momentum (pT ). In the
case of the CDF measurement only the asymmetry parameter λθ has been measured while
the other two, λφ and λθφ , have not been considered.
Figure 2.6 shows the CDF measurement, superimposed on two different theoretical pre-
dictions: one based on the NRQCD model I described in the previous chapter, and one based
on a different model, the so-called kT factorization. The disagreement of the data with both
the models is striking, and underlines the puzzle which the polarization measurement has
represented in the past years.
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Figure 2.5: CDF differential cross section measurement for promptly produced J/ψ not coming from
χc decay. The curves represent the leading-order prediction for the Color Singlet Model
(dashed curve), for fragmentation in the Color Singlet Model (dotted curve) and for the
Color Octet Model including gluon fragmentation (solid curve). Data is represented as
hollow dots. From[9]
2.3.2 E866
The E866 fixed-target experiment at Fermilab did study the J/ψ polarization as well[10].
Beams of protons were shot into liquid hydrogen, liquid deuterium, copper and beryllium
targets and the collision products were studied.
The measurements covered a dynamical range lower in pT with respect to those performed
by CDF (which, being installed at a high energy collider, has a far greater rate of production for
high-PT particles compared to fixed-target experiments) and were performed in the Collins-
Soper polarization frame. The measurement confirmed CDF cross section data, and indicated
a small polarization of the directly produced J/ψ particles in the low-pT region observable
with the apparatus.
2.3.3 HERA-B
The HERA-B detector was installed at the HERA electron(positron)-proton collider at DESY,
Hamburg. This machine started operations in 1991 and was capable of accelerating protons
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Figure 2.6: J/ψ polarization measured by CDF as a function of pT . The measurement is not consistent
with the two theoretical models predictions shown.
Figure 2.7: Layout of the E866 fixed-target experiment, installed on a proton beam line fed by the
Tevatron machine (Fermilab, Batavia IL, USA). The metal target configuration is shown
here
to an energy of 920 GeV and either electrons or positrons to an energy of 27.5 GeV, with a top
luminosity of 7.57 · 1031cm−2s−1 in the collision points.
While other experiments running at HERA made use of the e±-p+ collisions, HERA-B was
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a fixed target experiment, with the proton beam impacting on a set of wires made of materials
with different nuclear mass Z (Cu, Ti and W). A scheme of the apparatus is shown in Figure
2.8
Figure 2.8: Layout of the HERAB fixed-target experiment, installed in the HERA e±-p collider
With great surprise, the polarization measurement from HERA-B differed significantly
from the one by E866, as shown in Figure 2.9
2.4 Solving the discrepancy problem
A possible solution to the discrepancy between the HERA-B data and the one from E866 was
proposed by Faccioli et al.[5]. The authors identify two factors being the cause for different
results
• the first being the dependence of the reference frame axes orientation on the decay
kinematics (this is expected, since to shift to the J/ψ rest frame a Lorentz boost is
performed)
• the other one being the different detector apparatus acceptances, which are objects
defined in the laboratory frame
The synergic action of these two effects leads to different observed distributions and - conse-
quently - different fit results for the λθ ,λφ and λθφ parameters.
In a previous article[11] the same authors had prepared a plot where the fitted parameters
from all the previous experiments were adjusted for the kinematics and detector acceptances
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Figure 2.9: Previous measurements on J/ψ polarization parameter λθ . The measurements from the
E866 experiment and those from the HERA-B experiment are contradictory. Also, seems
that the behavior of λθ as pT increases is quite complex. From[5]
Figure 2.10: Plot showing how the λθ fit result in the Collins-Soper frame would have appeared for
the HERA-B, E866 and CDF experiments if the kinematic dependence of the reference
frame axes orientation and the detector acceptances were taken into account. The fitted
curve is a simple λθ = (1− f f d) · [1− 21−(p/p0)κ] where f f d is the fraction of J/ψ from
feeddown decays of χc and ψ
′ and p is the J/ψ momentum. From[11]
and then represented in the Collins-Soper frame. Afterwards a monotonically increasing po-
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larization parameter was assumed, described by the simple function of the form
λθ = (1− f f d) · [1− 21−(p/p0)κ] (2.4.1)
which was fitted to the data, and the result proved this model of the discrepancy problem to
be correct in a striking manner (see Figure 2.10). Also, the goodness of the fit confirms the
importance of performing the measurement in the Collins-Soper frame.
2.5 A frame-independent approach
In order to address the need for measuring the J/ψ polarization in two independent polar-
ization frames for later confrontation, one has to define a frame-invariant formalism, i.e. find
one or more observables which are independent from the chosen frame and which can be
confronted directly once numbers from the distributions in the two frames are extracted by a
fit procedure.
These observables are also more reliable than the asymmetry parameters for the measure-
ment of the polarization, as they are not dependent on the observation perspective (as shown
in Figure 2.11) and, therefore, they are less dependent on effects induced by changes in the
acceptance over the laboratory frame solid angle. They happen to be of the form depicted in
Equation 2.5.1, and are covered in detail in [5] and [6].
F[c1,c2,c3] =
(3+λθ ) + c1(1−λφ)
c2(3+λθ ) + c3(1−λφ) (2.5.1)
In our specific case, an interesting form has c1 =−3, c2 = 0 and c3 = 1, and we call it λ˜
λ˜≡F[−3,0,1] = λθ + 3λφ1−λφ (2.5.2)
The F[−3,0,1] form takes the values
• +1 when the J/ψ is fully transverse polarized, i.e. when the projection of the spin onto
its natural axis is sz =±1. Consequently, the decay distribution is “peanut-shaped”.
• −1 when the J/ψ is fully longitudinally polarized, i.e. hen the projection of the spin
onto its natural axis is sz = 0. Consequently, the decay distribution is “doughnut-
shaped”.
The rotation-invariant observable λ˜ is complemented by another rotation-invariant ob-
servable, F ≡F[−2,1,0]:
λ˜ =
λθ + 3λφ
1−λφ (2.5.3)
F = 1+λθ + 2λφ
3+λθ
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There are some peculiar situations in which λ˜ can assume very large values and eventually
going to ∞ for certain polarization configurations. The concurrent use of the observable F
solves this problem.
F is limited between the values 0 and 1: in case the polarization is naturally longitudinal
it assumes the value 0, in case the polarization is zero (i.e. isotropic) it assumes the value 1
3
and if the polarization is naturally transverse it assumes the value 1
2
. The limit case of F = 1
is a degenerate case, and corresponds a natural longitudinal polarization along the yˆ axis of
the chosen reference frame.
Figure 2.11: Values of λ˜ for transverse and longitudinal polarizations
Due to the advantages in the use of these parameters, the fitting framework for the mea-
surement of the polarization outputs the calculated values both for F and λ˜.
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Chapter 3
The Large Hadron Collider
In order to produce particle collisions - whose products will be studied by the experiments
- we need a particle accelerator. This machine employs electromagnetic fields to accelerate
charged particles, and combinations of magnets to keep them confined inside an evacuated
pipe, where they are finally brought into collision inside the experimental apparatuses.
The search for the Higgs Boson and for Supersymmetry, as anticipated in Chapter 2, re-
quires increasing the capacity for producing heavy particles up to a few TeV, and this conse-
quently requires collision energies higher than those achievable at previously made accelera-
tors. The Large Hadron Collider (LHC) has been designed to fulfill these needs. This machine
is located underground at CERN, on the Swiss-French border near Geneva, and follows a
long tradition of experimental research at this laboratory. Its inception dates back to the late
1980s, when the previous proton-antiproton collider program (the Spp¯S) - where the W± and
Z0 bosons were discovered in 1983 - was coming to an end (Spp¯S finally ended operations in
1991).
At the same time an e+e− collider, the Large Electron-Positron collider (LEP), had been
commissioned in a 100m underground, 26.7km tunnel and its four experimental detectors
were performing precision measurements at a center-of-mass energy around the Z0 peak
(mZ0 = 91.2 GeV/c
2). In the following decade LEP increased its center-of-mass energy up
to 209 GeV (LEP2 program), and during that time the experiments studied the production
of W+W− pairs and searched for new particles, among them the Higgs boson. LEP2 ended
operations in 2000 and the machine was dismantled.
LEP2, like all e+e− synchrotrons, was ultimately limited in energy by the synchrotron
radiation, which is emitted by the beams when they are bent into a circular orbit by the
machine dipole magnets. This effect is proportional to 1
ρ
( E
m
)4, where ρ is the bending radius,
m the particle mass and E the beam energy. The smallness of the electron mass compared to
the beam energy leads to a very strong emission.
Even in the case of a large machine as LEP, with very gentle bend radiuses, the beam
power loss at 100 GeV was about 18 Megawatt per beam, roughly equivalent to one bath-
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room fan heater every meter, along the entire machine length. Removing this big amount of
power from the beam pipe, and at the same time providing that same amount of power to the
beams in order to keep the energy constant proved to be technically challenging and finan-
cially expensive, as the number of accelerating cavities ultimately installed was 288 for the
superconducting ones, and 48 for the normal-conducting ones, all absorbing huge amounts of
electrical energy. This effect makes synchrotron machines accelerating heavier particles more
suitable in reaching the energy frontier. This is the reason why LHC accelerates hadrons.
Although it is convenient to collide particles with their own antiparticles when trying
to produce electrically neutral states (as the Higgs boson is), the experience with proton-
antiproton colliders (such as the Tevatron, in Fig. 3.1) at the time of LHC design showed that
achieving the very high luminosities required for reaching L ' 1034cm−2s−1 would not have
been possible by colliding protons and antiprotons, since the latter are difficult and expensive
to produce in large quantities. Therefore, the choice fell on a machine colliding head-on two
identically-featured beams of protons. Other than protons, the LHC can collide different types
of heavy ions and a first run with 208Pb nuclei was completed at the end of 2010.
Figure 3.1: Aerial picture of the Tevatron, a proton-antiproton machine at Fermilab, Batavia, IL,
United States. It reaches a collision energy of 1.96 TeV and a maximum luminosity of
4 · 1032cm−2s−1
The proton is a positively charged particle and when moving into a magnetic field it is
subjected to the Lorentz force. This force is exploited in order to bend the proton trajectories
into a circular orbit, and to keep them focused into narrow beams against their electrical
repulsion. The drawback of colliding two same-charged particles beams, counter-revolving
in an accelerator ring, is that they have to be under the effect of opposite magnetic fields to
curve the right way. This is the reason why the LHC has dual vacuum chambers and magnetic
elements (see Figure 3.5).
Contrary to e+e− machines, the beam energy of a proton machine is limited by our ca-
pacity in bending the particles into a circular trajectory, as current magnet technology cannot
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achieve arbitrarily intense magnetic fields, this is due to the large mass of the protons com-
pared to that of electrons, mp ' 1836me. The big mass of the proton at the same time is the
reason why these particles don’t emit much synchrotron radiation at LHC energies.
Figure 3.2: Aerial picture of the Geneva area, showing the position of the LHC tunnel and its experi-
ments, which lie about 100m underground
The reduced capacity for bending the particle beams requires building a big machine, with
a large bending radius in the dipoles. The LEP tunnel was considered an ideal place to host the
LHC machine, on the technical basis as it is big enough to allow a machine with a reasonably
high energy to be built inside it and on the budget basis as it allowed saving a considerable
fraction of the costs related to underground excavations, due to the re-use of existing tunnels
and infrastructure.
3.1 Layout of the machine
The Large Hadron Collider is divided in octants[1], each composed of an arc, where magnets
give the particle beams a curved trajectory and focus them, and of long straight sections, where
the experiments, the accelerating radiofrequency (RF) systems, the beam cleaning systems, the
injection and beam dump systems are located. LHC is one of the most complex machines
ever built, with millions of single pieces that had to be fitted together, often with very strict
tolerances for the assembly.
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Figure 3.3: Schematics of the LHC: the machine is divided in octants, each hosting an arc. At the
extreme of the arcs are the long straight sections, where experiments or beam utilities are
located
3.1.1 The arcs
The arcs host a periodical arragement of magnets called a magnetic lattice, the main compo-
nents are
• Main dipole magnets, used to steer the charged particles into a curved trajectory. There
are 1232 of them in all the arcs
• Main quadrupole magnets, used to hold the particles focused in thin beams. There are
392 of them in all the arcs
• Various smaller corrector magnets of different types
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Figure 3.4: The caverns are located in correspondence of the long straight sections. Vertical shafts
ensure the access from the surface
Figure 3.5: [left] Drawing of the main dipole cross-section. Notice the dual vacuum chamber: the
magnet is designed to provide a magnetic field of equal strength and of opposite (vertical)
direction to each of the beam pipes bored into it. [right] A cutaway of a main quadrupole
prototype
If the main dipoles and main quadrupoles were using a normal-conducting technology,
the extreme currents flowing into the windings would have led to an unacceptable power dis-
sipation. For this reason these components had to be built using super-conducting materials.
The magnet cables are made in Niobium-Titanium (Nb-Ti) alloy and are cooled by superfluid
helium at a temperature of 1.9K. They are designed for a maximum current of up to 12500
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A for a central magnetic field of 9T. This allows circulating protons at an energy of 7.5 TeV,
although the design energy is 7 TeV for practical reasons, as the margin for the loss of the
superconducting state (a quench) would be too small at higher currents. The heavy 208Pb
ions can be brought into collision at a maximum energy of 2.76 TeV/nucleon, corresponding
to 575 TeV per ion. The LHC is a symmetric collider - one in which the energy of the two
colliding beams is the same - due to the design of the magnets.
Currently the machine is being operated at a safe value of 3.5 TeV per beam due to ma-
chine protection issues related to the magnets, the same issues which led to a catastrophic
accident in September 2008, delaying the commissioning of the machine by one year. For the
same reason, currently the ion collisions take place at an energy of 287 TeV per ion.
Figure 3.6: View of the LHC tunnel, with the blue and white magnet cryostats in the foreground
3.1.2 The Long Straight Sections
There are 8 long straight sections, parts of the ring featuring only dedicated focusing mag-
nets and correctors, without bending dipoles. Their centers host caverns where equipment is
installed, and are commonly referred as Points. They serve different purposes:
• Point 1, hosting the general-purpose ATLAS experiment around its high luminosity col-
lision point.
• Point 2, hosting the injection system for the clockwise beam and ALICE, an experiment
focused on heavy ion physics.
• Point 3, hosting the betatron cleaning system, removing the beam particles which are
on orbits far from the ideal one.
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• Point 4, hosting the accelerating radio-frequency cavities.
• Point 5, hosting the general-purpose CMS experiment around its high luminosity colli-
sion point.
• Point 6, hosting the beam dump system, the only component capable of absorbing the
energy of the full beam in a safe manner.
• Point 7, hosting the momentum cleaning system, removing from the beams those parti-
cles which have a momentum significantly different from the ideal one.
• Point 8, hosting the injection system for the counter-clockwise beam and LHCb, an
experiment focused on heavy quark physics and matter/antimatter asymmetry.
A special set of quadrupole magnets, the inner triplets installed at the experimental points,
focus the beams to very small dimensions to boost the collision luminosity (see Eq. 2.1.4).
Figure 3.7: The Atlas detector (Point 2)
LHC is designed to reach a maximum luminosity of the order of 1034cm−2s−1, and a
modification is under study to increase the luminosity of a factor of 5 by 2020. When colliding
208Pb ions, it can reach a luminosity of 1027cm−2s−1
3.2 The injector chain
The LHC makes use of the previous CERN accelerators, using them as injectors. Figure 3.8
shows the CERN accelerator complex as of today. The path of the protons up to collisions is
the following:
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• In the ion source, a plasma discharge ionizes the hydrogen atoms and the protons are
extracted by an electric potential at an energy of 100 keV.
• The continuous stream of protons is divided into bunches and is accelerated to 750 keV
in the radio frequency quadrupole.
• A linear accelerator, the Linac2, accelerates the protons to a kinetic energy of 50 MeV.
• The proton bunches enter the PS Booster circular accelerator, where they reach an en-
ergy of 1.4 GeV.
• The beam is injected into the Proton Synchrotron (PS), which accelerates them to 28
GeV.
• Protons follow into the Super Proton Synchrotron (SPS), where they are accelerated to
450 GeV.
• Finally, the protons enter the LHC via the TI8 and TI2 transfer tunnels, many of the
above cycles are required to fill the entire LHC circumference with protons.
• Once the filling is complete, the beam is ramped to the final energy (now 3.5 TeV, which
is going to become 7.0 TeV in the future).
• Upon reaching the final energy the beams are squeezed, that is, the transverse size of the
beams in the experimental regions is reduced to the minimum achievable, the beams
are then steered to converge and produce collisions at high rate.
the number of steps in this process is very long, and the final result depends on the reliability
of all the components of the accelerator chain. The past two years and a half of physics
experiments have shown a remarkable reliability of the machine, to the point of performing
beyond early expectations, demonstrating the overall quality of the design and preparedness
of the operators.
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Figure 3.8: The CERN Accelerator complex. Higher energy accelerators as the LHC and SPS use
smaller ones as pre-injectors.
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Chapter 4
The Compact Muon Solenoid
The Compact Muon Solenoid (CMS)[1] is an experiment that is located in cavern UXC55 of
the LHC tunnel, in correspondence of the high luminosity collision area in Point 5. It is a
general-purpose detector capable of performing studies on a variety of physics topics and its
main motivation was the search for the Higgs boson and Supersymmetry.
CMS, as a general-purpose detector, aims at measuring the kinematical properties of all
the particles expected to emerge as a result of proton-proton collisions, with the best attain-
able precision. This requires the use detectors that allow a good observation of the particles
for which they are designed, but at the same time do not perturb too much those particles
which are to be measured by successive detectors. Also, it is of interest to cover most of the
solid angle, and to do so with a good axial symmetry, which derives from the geometry of
the colliding beams. The result of this optimization is a fairly common design for detectors
installed at symmetric energy colliders, making the detector resemble an “onion”.
Different kinds of particles (and their antiparticle companions) interact in different ways
with the detector material, due to their electrical charge (charged particles passing through
matter lose energy by ionization) and their ability to interact via the strong force. Down to
momenta of about 1 GeV/c, we distinguish:
• Heavy flavor states, as B mesons and D mesons, which travel a short distance of the
order of hundreds of µm before decaying.
• Electrons, which lose their energy very easily by bremsstrahlung and pair production,
starting electromagnetic showers.
• Photons, which produce no ionization and are unaffected by magnetic fields. They
either knock off an electron via photoelectric effect or produce an electron-positron pair
and both these processes initiate electromagnetic showers.
• Charged hadrons, which lose some energy by ionization and interact strongly with the
nuclei composing the detector materials, generating hadronic showers.
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Figure 4.1: Cut-away of the CMS detector, showing its components. The CASTOR calorimeter is not
shown here, and is placed at a distance from the center of CMS, very close to the beam
pipe.
• Neutral hadrons, not visible by ionization and interacting only strongly with nuclei,
which generate hadronic showers.
• Muons, which in virtue of their big mass (mµ ' 207me) lose energy mostly by ionization
and are capable of traversing great amounts of matter.
• Neutrinos that interact in a negligible way with the detector material (they have mean
free paths in iron of the order of a few light-years) and are thus visible only indirectly,
as missing momentum in the momentum balance of the reconstructed particles.
Ionization can be exploited to follow a particle track in a nondestructive way, as it is a process
leading to a relatively small energy loss and to small deviations from the initial trajectory. The
knowledge of the track bending radius in a magnetic field allows to compute the particle’s
momentum. There are a variety of ionization detectors in the design of CMS.
Heavy flavor states can be identified by the tracks of their charged decay products. Indeed,
the vertex from which they originate (secondary vertex) is displaced with respect to the proton-
proton vertex (primary vertex) which has originated the initial particle. In order to reach a
good efficiency a good tracking precision is needed, and the latter is obtained by positioning
precise detectors very close to the interaction point, where the collisions take place.
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All the processes initiating a particle cascade of some sort destroy the original particle
identity, and therefore can be used only as a last step in the measurements. Only one charged
particle easily escapes thick quantities of matter without producing cascades, and this particle
is the muon.
Figure 4.2: Image showing how the different kinds of particles interact with the CMS subdetectors.
Only the muons can reach the muon stations with a significant probability, thus the muon
system provides a clean identification of these particles.
Given these considerations the structure of CMS was designed as follow:
• Outside the beam pipe there is a high precision tracking detector (Tracker), entirely
made in silicon semiconductor technology and made with an amount of material as
small as possible. This tracker measures the momenta of all charged particles and does
not disturb the neutral ones.
• Following the tracker there is an electro-magnetic calorimeter (ECAL) where electrons
and photons deposit all their energy via electromagnetic showers. This energy is then
measured by scintillation.
• Next after the ECAL is the hadron calorimeter (HCAL) where hadrons interact starting
hadronic showers. Also here the energy is measured by scintillation.
• All the previous detectors are inserted into a superconducting solenoid, generating a
strong magnetic field.
• Around the superconducting solenoid is a massive iron return yoke, which closes the
magnetic field lines of the solenoid and provides a volume of magnetized iron through
which the muons can travel in bent trajectories.
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• The big amount of material in the magnet practically stops all visible particles except
the muons, which are detected by ionization chambers (muon system) placed in slots
carved into the iron return yoke.
• Additional two components, the hadron forward calorimeter (HF) and the CASTOR
calorimeter measure the energy of particles emitted at small angles with respect to
the beam axis.
Figure 4.2 shows how the different particles travel and interact with the detector material.
To ease the design geometry, two main structures compose the detector: the barrel, where
the detectors are arranged in a concentric cylindrical shape, and the endcaps, with planar
geometry, where the detectors are stacked longitudinally in disks, each in correspondence to
its cylindrical counterpart. This structures are visible in Figure 4.1.
CMS was assembled on the surface, tested, partially dismantled and finally reassembled
after lowering its components inside the experimental cavern. The magnetic return yoke is a
very heavy object, weighting 11000 tonnes. This is a major fraction of the total CMS weight
(14000 tonnes), and would have posed serious difficulties in case it had to be lowered into
the cavern as a single piece. The solution was to divide the yoke into 11 “slices” (5 for the
barrel, 6 for the endcaps), which were lowered sequentially. The advantage of this method is
also to make it possible to “open” the detector for easy maintenance.
4.1 Silicon Tracker
The CMS silicon tracker, with its 200 m2 of active surface, is the largest silicon tracker ever
built. The choice of this material was justified by a series of reasons:
• Silicon semiconductor technology has been actively developed for the last 50 years, it is
a mature technology and the flexibility it offers in circuit design is unrivalled.
• Silicon detectors can be made highly radiation resistant, a mandatory requirement for
LHC detectors, where the absorbed dose after 10 years of operations is estimated at 840
kGy for the inner layer of the pixel detector.
• High precision is needed in the CMS tracking system to obtain a good pT resolution and
to have a good b-tagging efficiency. The CMS silicon detectors allow the precision to
reach the level of 10 µm
• At nominal luminosity, around 20 pp collisions generating 1000 particle tracks are ex-
pected per bunch crossing, and the bunch crossing frequency is relatively high (every
25 ns). The detectors need to have a high granularity, to avoid overwhelming the track
reconstruction system, and need to have a fast charge collection. Silicon detectors are
fast and can be made with the necessary sensing element density.
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The tracker absorbs a considerable amount of power (60 kW), which has to be removed by an
efficient cooling system using liquid phase C6F14. The temperature of the modules is held at−10 ◦C to improve its radiation hardness. The tracker is composed of two systems: the pixel
tracker and the silicon strip tracker, which together cover the rapidity region |η|< 2.5.
The huge number of channels in the tracker (around 76 millions) imposes the use of
zero suppression, a data acquisition method where only signals stronger than a predetermined
threshold are relayed to the output electronics. Without this method, it would be impossible
to transmit all the tracker samples at the 40 MHz crossing rate, as the required bandwidth
would be 76 · 106× 40 · 106 = 3 · 1015 samples/s (3 Petasamples/s), which in the best case (1
bit per sample) is about 30 times faster than the 2011 data transfer world speed record.
All tracker detectors are digitally controlled, but their output is analog. These signals
are transmitted over optical links to a room far from the high radiation environment of the
detector (the counting room), where they are digitized by Analog-to-Digital converters in the
Front End Drivers (FED). This avoids exposing sensitive electronics to damaging levels of
radiation that would quickly impair their performance.
Figure 4.3: The CMS Tracker
4.1.1 Silicon Strip Tracker
The silicon strip tracker (SST) is composed of 10 layers of detectors in the barrel region and 12
endcap layers on each side. Some of these layers are double sided, that is, they have silicon
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detectors installed at both sides of their support structures and have the respective strips
slightly off-axis between each other by a small angle (stereo angle). This allows resolving the
impact point of the charged particles along the longitudinal (z) direction in the barrel and the
radius from the beam pipe center (r) in the endcaps. The tracker layers are subdivided (see
also Fig. 4.4) into:
• TIB (Tracker Inner Barrel) 4 barrel layers, of which 2 are double-sided
• TID (Tracker Inner Disks) 3 endcap layers, some modules are double sided
• TOB (Tracker Outer Barrel) 6 barrel layers, of which 2 are double-sided
• TEC (Tracker End Cap) 9 endcap layers, some modules are double sided
Figure 4.4: A schematic of the different layers of the silicon strip tracker. Thicker blue lines indicate
double-sided (stereo) layers, while thin red lines indicate single-sided layers
A silicon strip tracker consists of a n-p junction, practically a diode made between a bulk
material and thousands of micrometer-sized strip implants (hence the name of the detector),
to which a reverse bias voltage is applied. The electric field causes the depletion zone to
expand, to the point that all the bulk material is depleted. In this condition very little current
flows, mainly due to thermal excitation and defects (many of which are radiation-induced
over the life of the experiment) and is referred as noise. CMS uses n type bulk material and
p+ implants.
The passage of a charged particle leads to the creation of electron-hole pairs, which are
separated by the electric field. The drift of holes and electrons in opposite directions along the
electric field lines causes an induced current to appear on metallic strips just above the active
area. These strips are connected to amplifiers that send the signal to the reading electronics.
Figure 4.5 shows the structure of such a detector. The inner layers (TIB/TID) use detectors
with a thickness of 320 µm, while the outer layers (TOB/TEC) use detectors with a thickness
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Figure 4.5: Schematic of a silicon microstrip detector, which is practically a heavily instrumented diode
junction. The passage of a charged particle creates electron-hole pairs in the depleted
region of the semiconductor. The bias electric field makes electrons and holes drift towards
their respective electrodes, inducing a current in conductive strips.
of 500 µm. Thicker detectors are characterized by a higher signal amplitude for a given
track (the depletion zone is bigger so more pairs are produced), thus counteracting the signal
degradation with increasing distance from the amplifiers and allowing the modules to be
made longer in size.
Figure 4.6: Charges inside a semiconductor, when immersed in a magnetic field, tend to drift at an
angle from the direction of the applied electric field. This angle, the Lorentz angle, is
shown here for electrons (θE) and holes (θH)
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When immersed into a magnetic field the charges are subjected to the Lorentz force and,
therefore, have their drift trajectories inclined with respect to the electric field lines by an
angle, the Lorentz angle. This effect leads to the free charges, generated by the passage of a
particle, to be shared between neighboring strips (charge sharing, see Figure 4.6). By making
a weighted mean on the impact point, based on the deposited charge on each strip, it is
possible to reach precisions considerably higher than the strip pitch. The right plot in Figure
4.7 shows the hit resolution as a function of detector strip pitch (smaller for inner detectors),
for tracks crossing the modules at an angle between 0◦ and 10◦.
Figure 4.7: [left]Hit efficiency of the silicon strip tracker modules, as a function of layer number.
Good modules are those who passed performance quality cuts. [right] Hit resolution of
the silicon strip tracker modules, as a function of strip pitch. Cluster width refers to the
number of adjacent strips that had a signal above the zero suppression threshold.
4.1.2 Pixel tracker
The pixel tracker is composed of three barrel layers (BPix) and two endcap layers (FPix),
as shown in Fig. 4.8. The barrel layers are 53cm long and placed at a radius of 4.4, 7.3
and 10.2 cm from the center of the beam pipe, while the endcaps are at position ±34.5 and
±46.5 cm along the z axis and span from 6 to 15 cm in radius. This detector covers an area
of approximately 1 m2 and has around 66 millions of pixels. A fourth barrel layer and an
additional disk on each side are foreseen to be installed in the near future. The BPix detector
is mechanically divided into two halves along its length, which can be opened for maintenance
and detector removal/insertion.
The pixel detector is based on the same principles explained in the case of the silicon strip
detector. It makes good use of the Lorentz angle and consequent charge sharing to boost its
precision. Since the detector elements are thousands of pixels which need to be read fast, it
would not be possible to side-couple the amplifiers to the sensing element and read the signal
row by row as in the case of the microstrip detector. Therefore there is one amplifier for each
pixel, and these amplifiers are coupled directly to their respective pixel, which is standing
underneath.
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Figure 4.8: Perspective of the pixel detector. There are three barrel layers and two endcap layers on
each side, with modules arranged in a fan-like configuration
The typical BPix modules (full modules, to be distinguished from half modules at the edge
of the barrel halves) are composed of three main components:
• A silicon sensor layer, consisting of 16 groups of 52 x 80 pixels for a total of 66560
pixels, each 100 µm x 150 µm in dimensions.
• A Read Out Chip layer, consisting of 16 read-out chips (ROC), each reading a rectangle
of 52 x 80 pixels.
• A service layer called High density Interconnect (HDI), providing power to the rest of
the module and an interface from the outside to the ROCs via the Token Bit Manager
chip (TBM).
The ROC layer and the sensor layer are joined together by a procedure called bump bond-
ing, where a small amount of Indium is fused between the pixel and its respective ROC readout
pad, forming a permanent conducting and mechanical bond.
The pixel detector, being very close to the interaction point, plays a fundamental role in
the good performance of the b-tagging algorithms. Indeed, thanks to its precision, CMS can
identify easily B mesons emerging from the proton-proton collisions (see Figure 4.11).
Since the pixel detector has three layers it is possible to perform a fast calculation of the
pT of a track, using pixel information only, at the High Level Trigger (HLT) level. This has
allowed developing invariant-mass-dependent triggers, which proved useful in background-
dominated, low pT regions of the muon spectrum.
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Figure 4.9: Exploded view of a BPix module
Figure 4.10: A scheme of the pixel layers after bump-bonding
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Figure 4.11: A candidate event for B− production, identified with the help of b-tagging. The primary
vertex on the bottom left is the position in which protons have collided, generating many
charged particles. A secondary vertex can be identified on the top right of the picture.
Reconstruction of the charges and 4-momenta of the observed particles allows to identify
the type of decay in the secondary vertex, which is compatible with the decay of a B−
into J/ψK−, with the J/ψ decaying immediately into two leptons.
4.2 Muon system
Many decay channels for the Higgs boson, e.g. the so-called Golden Channel, H → Z Z (∗)→ 4µ,
for the Z0 and W± (Z0 → 2µ and W → µν) and for the top quark result in the production of
one or more muons in the final state.
The muons are heavy leptons that are only mildly affected by the presence of matter in
their flight path. This makes them very clean probes of the processes ongoing in the center
of the proton-proton and ion-ion collisions. They are also charged, so their momentum can
be measured with good precision by a suitable tracker detector (as the one described in the
previous section).
The muon system consists of a variety of detectors placed in the outer parts of CMS, in-
side and around the magnetic return yoke. Muons are the only charged particles capable of
traversing the large amount of iron in the yoke with a high survival probability, thus making
the muon system the cleanest detector to be used in muon tagging. Indeed, when using the
tracker and calorimeter information only, it can happen that a pion or a kaon are misidenti-
fied as a muon. The use of the additional information from the muon system makes this fake
muon identification extremely unlikely.
With the use of muon system the logic to identify a muon becomes simple, it is sufficient
to identify a track passing through the muon stations. For this reason, the muon system
is extensively used in most of the muon triggers. Also, the muon system can measure the
momentum of a muon independently from the silicon tracker, although with a lower precision
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due to the effect of multiple scattering in the yoke iron, which deviates muons from their initial
trajectories, and due to unavoidable non-uniformities in the yoke magnetic field lines.
The muon system uses three types of detectors:
• Gas Drift Tube chambers (DT) in the |η| < 1.2 barrel region (innermost five slices of
the yoke). They have the advantage of being satisfactorily precise, and of being reliable
and cheap to produce. Nevertheless, they suffer from the strong neutron-induced back-
ground in the more forward regions, so a different type of detectors need to be used
there.
• Cathode Strip Chambers (CSC) are used in the endcaps (outermost two slices of the
yoke), between 0.9 < |η| < 2.4. They are fast, precise, and have a good radiation
resistance.
• Resistive Plate Chambers (RPC), which are installed both in the DT and CSC regions.
They are very fast detectors mainly used for triggering and helping the synchronization
of the other muon chambers.
Figure 4.12: Picture showing arrangement of the DT chambers around CMS
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4.2.1 Gas Drift Tubes
The barrel DT system is composed of 4 muon stations, arranged around the beam axis to form
concentring cylinders. The inner three cylinders host 60 DT chambers (12 for each yoke slice),
while the outer cylinder hosts 70 of them (14 for each yoke slice). The chambers are inserted
in slots interspersed inside the iron yoke (see Figure 4.12) and are arranged in such a way as
to avoid creating gaps in the r-φ plane, so all the muons passing through the DT layers will
cross at least two chambers.
Figure 4.13: View in the r-φ plane of an inner cylinder DT chamber, which has 2 superlayers measur-
ing the φ coordinate and 1 superlayer measuring the z coordinate. The chamber drift
tubes are complemented by 2 layers of RPC.
A DT chamber is made of 3 (or 2 in the case of the outer cylinder) superlayers, each
formed by four layers of drift cells. The two outer superlayers measure the φ coordinate of
the impact point, while one inner superlayer measures the z coordinate. A light honeycomb
structure acts as a spacer in the middle of the chamber. The typical structure of an inner
cylinder chamber can be seen in Figure 4.13.
The drift cells are approximately rectangular in shape, and are built between the alu-
minum plates separating the layers by the use of aluminum I-beams. They are filled with an
Ar-CO2 mixture. A mylar foil attached to the I-beam insulates the cathode strip, which is a
thin aluminum tape glued to the mylar itself. The anode is a single stainless-steel gold-plated
wire placed at the center of the tube, 2.4 m long (see Figure 4.14). A set of aluminum strips
runs along the upper and lower plates of the chamber, serving as a field shaper.
4.3 Cathode Strip Chambers
Cathode strip chambers are trapezoidal multiwire proportional chambers having an angular
coverage of either 20◦ or 10◦, located in the endcaps. The chambers overlap, providing full
coverage in φ.
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Figure 4.14: Schematics of a DT cell. The anode wire is held at a potential of +3600V, the field strip
at +1800 and the cathode at -1200V
Figure 4.15: [left] Arrangement of CSCs in the endcaps, seen on a quarter view of CMS. The ME4/2
stations will be fully installed over the years. [right] A view of the ME2 station. The
outer ME2/2 ring is made of 36 chambers, each spanning 10◦, the inner ME2/1 circle is
made of 18 chambers spanning 20◦.
A CSC is composed of 7 cathode panels interleaved with 6 wire planes (see Figure 4.16).
The cathode panels are segmented in strips (hence the name) and these are aligned at an
angle with respect to the wires (this angle is chosen to minimize the Lorentz Angle effect),
to give 2D coordinate capabilities to the chamber. These chambers are very sturdy: they can
operate at high rate in strong and nonuniform magnetic fields, they have low sensibility to
fluctuations of the gas composition, temperature and pressure.
The design of the sensitive planes is flexible, so in the case of CMS one plane (the strips)
lays on lines of constant φ along the chamber while the wires are aligned at an angle with
respect to the orientation of the strips, and this angle is chosen to reduce the Lorentz drift due
to the magnetic field. The gas used in the chamber is 40% Ar+ 50% CO2+ 10% CF4
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The CSCs can determine quickly the impact point of a muon with a precision of 2mm,
at an efficiency of 99%, and can identify the bunch crossing this muon is coming from at an
efficiency of 92%. Off-line corrections improve the precision in the r-φ plane to 75µm for the
first layer of CSCs (ME1/1, ME1/2), and 150µm for the rest of the chambers.
It’s important to underline an aspect in the design of the CSC readout:
• In the most forward region (2.1 < |η| < 2.4) the strips are grouped in sets of three
and read collectively, the three strips in each group are separated by about 3.5◦. As a
result, the impact of a muon candidate on a chamber results in three candidate hits (one
real and two ghosts) and the ambiguity is to be resolved at reconstruction level (which
considers the geometry of the whole detector), considering hits in other chambers and
the tracker. Unfortunately, at the lower levels of the trigger this is not possible and some
measures are to be employed to avoid fake tracks.
• For |η|< 2.1 another type of ghost exists: when two candidate muons impact the same
CSC two ghosts appear as well. This is caused by the fact that the chamber is effectively
read by rows and columns, with no indication on the coordinate of impact on a row
(wire) and column (strip). Consequently, there is a 2 × 2 ambiguity in choosing the
impact points in the chamber, that can - again - be resolved only at reconstruction level.
If a low-level trigger is to be run on the CSCs readout, some measures have to be taken in
order to limit the rate of triggering on fake tracks due to the aforementioned ghosting effects.
4.4 Resistive Plate Chambers
The Resistive Plate Chambers (RPC) are gaseous parallel-plate detectors. They are used for
their excellent time resolution - comparable to that of scintillators and much smaller than the
25ns bunch crossing rate - coupled to a satisfactory spatial resolution. These chambers consist
of two gas gaps operated in avalanche mode, with a common pick-up strip readout plane in
between. The advantage of using a double gap and common pick-up plane is that the signal
is doubled, and therefore a lower gain is needed. This improves noise reduction. Figure 4.17
shows the design of a single RPC
A total of 480 chambers are installed in CMS, and are organized in 6 concentric cylinders
in the barrel, two per DT chamber in the first two muon stations, and one per DT chamber in
the last two. The chambers use a 96.2%R134a(C2H2F4), 3.5%(iC4H10 and 0.3%SF6.
4.5 Electromagnetic calorimeter
The electromagnetic calorimeter (ECAL) is made out of 68524 lead tungstate (PbWO4) crys-
tals, of which 61200 are used in the barrel (EB detector) and 7324 are used in the endcaps
(EE detector). Such crystals were chosen due to their properties:
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Figure 4.16: [left] Layout of a CSC, the 7 cathode strips planes (in orange) are aligned along lines of
constant φ while the 6 anode wire planes (in yellow, few shown here) run at an angle
to the cathode strips. [upper right] Working principle of an unsegmented-cathode wire
chamber: while passing through it, a muon ionizes the gas and therefore starts near
the wires an avalanche. The latter induces on the wires a charge, which is read by the
electronics. [lower right] The case of the CSC is similar, the difference is that the cathode
is segmented and also the charge induced by the avalanche on the strips is read by the
electronics, providing a 2D resolution of the impact point.
Figure 4.17: Schematics of a double-gap RPC
• Excellent energy resolution: the ECAL has a typical energy resolution ofσ
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where E is in GeV.
• Very high density (8.28g/cm3) and short radiation lenght (0.89cm), allowing a compact
calorimeter to be fit inside the superconducting magnet.
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• Small Molière radius (the typical transverse extension of EM showers), leading to a fine
granularity and good angular resolution.
• Radiation hardness, a mandatory characteristic for a detector exposed to as much as
15Gy/h in the endcaps.
• Fast scintillation: over the 25ns bunch crossing time the crystals release 80% of the light
output.
• Possibility of achieving high optical clarity.
Unfortunately the light output is relatively low, about 4.5 photoelectrons per MeV are col-
lected, but this can be overcome with a good design of the light collection and amplification
devices. These are Avalanche PhotoDiodes (APDs) in the barrel and Vacuum PhotoTriodes
(VPTs) in the endcaps, the latter have been chosen as they are more radiation resistant.
Figure 4.18: [left] A PbWO4 crystal along with its APD. [right] An identical crystal coupled to a VPT.
The ECAL covers the pseudorapidity range |η| < 1.479, and a preshower detector has
been included in front of the EE detector. The crystals are prisms whose square base measures
0.00174 × 0.00174 in η-φ. The total length of a crystal is 230mm, corresponding to 25.8
radiation lengths. Figure 4.18 shows crystals installed in the EE and EB along with their
respective photosensors.
4.6 Hadron calorimeter
The hadron calorimeter (HCAL) has a similar subdivision to that of the ECAL, it is divided into
a barrel detector (HB) and an endcap one (HE). Additionally, two other detectors form the
HCAL system. One of these is the Hadron Outer calorimeter (HO), positioned in the barrel,
which serves as a tail catcher for those hadron showers that propagate through and farther
than the superconducting solenoid, the other is the Hadron Forward calorimeter (HF) which
is used to measure the energy of hadrons produced at high rapidity.
The HB and HO extend to a rapidity of |η| < 1.3, while the HE extends in the range
1.3 < |η| < 3. These calorimeters use a brass and steel (the latter in the HB only) absorbers
interleaved with tile scintillators, which are coupled to wavelenght shifting fibers. The HF
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Figure 4.19: Schematic of the HCAL, showing the HB, HO, HE and HF detectors inside CMS.
uses grooved steel absorber plates. Quartz scintillating fibers are inserted into the grooves,
and the latter are read by photomultiplier tubes. The HF has been designed to achieve a
decent performance after irradiations as high as 10 MGy (about 10 years of LHC running).
Figure 4.19 shows the structure of the HCAL system.
Two additional calorimeters, not included in the HCAL system are CASTOR and the Zero
Degree Calorimeter (ZDC). The former covers the pseudorapidity range 5.2 < |η| < 6.6 and
is used mainly to study highly nonperturbative QCD processes. The ZDC is used to measure
the energy of neutral particles emitted at angles close to 0◦ (the pseudorapidity coverage is
|η| ≥ 8.3), and is used mainly for studying diffractive effects in p-p and ion-ion collisions.
4.7 Trigger
The CMS trigger is based on two main trigger levels:
• Level1 (L1) trigger, which is based on custom-designed, largely programmable elec-
tronics (programmable FPGA when possible, ASICs and Look Up Tables where speed,
density and radiation resistance are needed). It reduces the event rate from the bunch
crossing frequency of 40 MHz down to a maximum of 100 kHz. The output is directly
sent to the HLT. The L1 trigger does not perform any partial reconstruction, so at that
level the “track” concept cannot be used for event selection.
• High Level Trigger (HLT), which is completely software-based, running on thousands
of commercial processors arranged into a processing farm. The HLT allows an un-
precedented flexibility in the trigger design, as performance upgrades are introduced by
simply adding more units to the machine cluster. Currently the HLT accepts events at
the full 100 kHz rate from the L1 trigger and filters them, up to a maximum rate of 400
Hz. Those events passing the HLT are sent to the data storage system.
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For optimization reasons the HLT is divided into two layers (Level2 and Level3), where the
second one is fed by the first one and groups those algorithms which are computationally
more intensive. The HLT runs speed-optimized versions of the software used also for offline
analysis and allows partial reconstruction to be performed on the events.
Figure 4.20: Flow-chart of the CMS Data AcQuisition (DAQ) system, showing the Level-1 trigger and
the HLT (here identified as Filter Systems). The event data follows the path of the vertical
black lines.
Bibliography
[1] R. Adolphi et al. The CMS experiment at the CERN LHC. JINST, 3:S08004, 2008.
71
Chapter 5
Measurement of J/ψ cross section
Subject of this chapter are the following measurements:
• The total inclusive cross section for the production of J/ψ mesons and also
– The total cross section for the production of prompt J/ψ
– The total cross section for the production of non-prompt J/ψ as a result of b-
hadron decay
• The total inclusive cross section for J/ψ production as a function of pT for different
rapidity ranges
– The differential cross section, relative to prompt J/ψ production only
– The differential cross section, relative to non-prompt J/ψ production only
5.1 Data samples
5.1.1 Experimental data sample
The analysis is based on a sample of data collected by the CMS experiment at the LHC in the
first part of the 2010 run. The data correspond to an integrated luminosity of 314±34nb−1[1],
collected in pp collision mode at a center-of-mass energy of 7 TeV.
The J/ψ candidates are reconstructed in the 2µ (dimuon) decay channel and the triggers
used for the data acquisition are:
• L1DoubleMuOpen, which requires two muons to be identified in the muon system at
L1. Each muon needs to have left in the muon system (DT or CSC) at least one segment,
which is a group of at least three hits compatible with a muon track.
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• L1DoubleMuOpen_Tight, which is the successor of the former trigger. In order to re-
duce the trigger rate and at the same time improve the purity of the signal this trigger
requires at least two muon segments to be identified in the CSC.
An additional filtering of the events has been performed to ensure a good primary vertex
resolution[2], and the absence of beam-gas or beam-collimator interactions, which are iden-
tified by the great multiplicity of tracks in the pixel tracker they produce as a result of the
proton-nucleus collisions[2].
5.1.2 Simulated data samples
Concerning the simulation of prompt J/ψ, the Pythia Monte Carlo generator[3] has been
used to produce around 7 million pp→ J/ψX → µ+µ−X events, approximately equivalent to
100pb−1 of integrated luminosity. This Monte Carlo event generator is based on the leading-
order color-singlet and color-octet production mechanisms (see 1.4), and in the case of the
latter the NRQCD matrix elements have been tuned to the CDF II results (see 2.3). The final
state radiation has been simulated with the PHOTOS package[4][5], and the radiative tail
contains around 10% of the total prompt J/ψ in this Monte Carlo sample.
The non-prompt component of J/ψ production was again simulated with Pythia: the pro-
gram was run in a mode designed to simulate generic Quantum Chromo Dynamics processes
in pp collisions, using the standard high-pT process tunings. In the meantime its output was
filtered to extract events containing a b-hadron. The EvtGen package was then used to simu-
late the b→ J/ψX → µ+µ−X decay chain. The number of generated non-prompt J/ψ events
decaying to 2µ is 5 millions, approximately equivalent to 200pb−1 of integrated luminosity.
To simulate background events for the dimuon channel Pythia was run a third time, sim-
ulating generic QCD processes resulting from the collisions of protons and selecting the in-
teractions leading to the production of B mesons, D mesons, pions and kaons which finally
decayed into muons. Events containing J/ψ were filtered out to avoid double-counting. The
total number of simulated background events is 10 millions.
These three event samples were processed by the CMS detector simulation program, based
on the GEANT4 package. This program takes as input particles obtained from a Monte Carlo
generator, simulates their evolution as they travel across the detector components and finally
produces output data sets resembling in structure those obtained from the real activity of the
experiment.
These data sets from generated data have additional information attached (the MC Truth)
regarding the “true” properties of the particles, as generated by the Monte Carlo before the
detector simulation. The comparison between the reconstructed values and the MC Truth is of
great help in understanding the behavior of the detector and of the reconstruction software.
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5.2 Offline muon reconstruction
Whenever a charged particle passes through the silicon detector modules or the muon cham-
bers it produces a signal, which is read out by the electronics in order to provide the coordi-
nates of its impact point on that module. We call these calculated impact points hits. In the
reconstruction phase of data manipulation, a series of algorithms is used to infer a particle’s
trajectory (the track) from the knowledge of the hits it produced in the detectors.
We define the primary vertex (PV) as the point in space in which the pp collision took
place, resulting in the production of particles which left tracks in the detector. This point is
computed with an average, weighted on the inverse of the respective uncertainties, of the
positions from which the particle tracks originate. A vertex resulting from the decay in flight
of a particle generated in the primary vertex is called secondary vertex.
The χ2 of a track is defined as
χ2 =
Nhits∑
i=1
~rTi V
−1
i ~ri (5.2.1)
where Nhits is the total number of hits used for the reconstruction of the track, ri are vectors
joining the measured positions of the hits with the positions that would be expected from the
knowledge of the fitted track and Vi are the covariance matrices relative to these expected
positions.
In a well-aligned detector and in the case tracks produced by real particles we expect
the χ2 to be approximately the number of degrees of freedom of the track, as the statistic
fluctuations on the hit position dominate its resolution. If a significant deviation in excess
from this number is observed, it is possible that either the track has been wrongly matched
to the hits (i.e. the track is a fake artifact of the reconstruction process, not reflecting a real
particle), that the assumption that the track has passed through the beam spot is wrong (thus
it’s likely that the muon comes from a decay in flight of another particle) or that the errors on
the hit positions have been wrongly estimated.
There can be many primary vertices in an event, resulting from multiple proton-proton
collisions in a bunch crossing. The number of multiple collisions in a bunch crossing is referred
as pileup. The experimental sample which we are studying had an average pileup of 1.6, and
thus there is a non negligible probability that two (or more) PV be present in an event.
In order to solve the ambiguity on which vertex is the origin of a muon pair, the Onia2MuMu
code used in the analysis assigns the muon pair to the primary vertex closer to their common
origin. Since the primary vertex is originally computed as a weighted mean over all the par-
ticle tracks (including the two muons), the vertex of the muon pair and the primary vertex
are not independent. In order to make these vertices independent, the primary vertex is
recalculated by ignoring the tracks of the two muons.
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5.2.1 Muon types
The CMS software architecture divides muons into four categories, organized by the number
and type of detectors used in their reconstruction and, therefore, the quality of their identifi-
cation and momentum measurement[6][7]. In increasing order of quality we have:
• Calorimeter (Calo) muons, which are tracker tracks that are associated in the calorime-
ters to deposits of energy compatible with a Minimum Ionizing Particle (MIP). The
advantage of using the Calo Muon sample is the small minimum pT required for muons
to be detected and classified in this category. Nevertheless, the sample contains a great
number of misidentified fake muons, and therefore should not be used when muon
purity is required.
• Stand-alone (STA) muons, which are particles with two or more associated segments in
the muon stations, with no requirement for an associated track in the silicon tracker.
A track segment is reconstructed from at least three hits in the muon chambers and
therefore requires the muon pT to be sufficiently high to reach these chambers. As
discussed in 4.2 almost all of the particles in this category are expected to be muons,
but due to the lack of silicon tracker information their momentum resolution is very
poor.
• Tracker muons, which are tracks in the silicon tracker that are associated by the re-
construction algorithm (in an inside-out fashion) to at least a segment in the muon
chambers. This type of muon sample is relatively clean from fake muons[8] and has the
advantage of being measured by the tracker. Thus, muons in this category have good
momentum resolution.
• Global muons, are stand-alone muons to which a silicon tracker track has been associ-
ated. The fact that this association has been performed in an outside-in fashion guaran-
tees the purity of the sample from fake muons (STA muons are pure), and at the same
time ensure a good momentum resolutions (thanks to the silicon tracker). Global muons
are the highest quality muons, but they are rare at small pT since in that case the muons
can’t reach the outer muon stations as they describe tight spirals in the magnetic field.
Global muons are reconstructed down to pT ¦ 4.0 GeV/c in the central pseudo-rapidity
region and pT ¦ 1.0 GeV/c in the forward regions.
In the case of the cross-section analysis a very good momentum resolution is a required
property of the dimuon sample, and a good purity is an additional advantage. Therefore, only
Tracker and Global muons have been used.
5.2.2 Single muon cuts
Cuts are applied to single muons to reject the fake ones and those resulting from the decay in
flight of a kaon or a pion. The muons have to pass the following requirements:
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Figure 5.1: Contamination of differen muon samples by [top row] pions, [central row] kaons and
[bottom row] protons. Three different categories of muons are represented: [left] Tracker
Muons, [center] Global Muons and [right] Global muons belonging as well to the Tracker
muon category to which cuts similar to those in Par. 5.2.2 have been applied
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a1 (3.8± 1.9) · 10−4
a2 (3.0± 0.7) · 10−4
Table 5.1: Fitted values of the parameters defined in Eq.5.2.2
• They have to be in the acceptance region (defined later)
• Concerning the part of their track inside the silicon tracker:
– The track should have χ2/n.d.o.f.< 4
– The minimum distance of each muon track from the PV in the transverse plane
should be |d0|< 3.0cm
– The minimum distance of each muon track from the PV along the zˆ (beams) axis
should be |dz|< 15.0cm
– The number of valid hits (i.e. those used in the reconstruction) in the silicon
detectors (strips+pixels) has to be lager than 11
– At least one layer of the pixel detector should have recorded a valid hit
• If it is a Global Muon:
– The global track (which considers tracker+muon hits) should have χ2/n.d.o.f. <
20
– At least one valid hit should be in the muon chambers
– It should be a Tracker Muon as well
• If it is a Tracker Muon:
– Should be arbitrated, meaning that it has been chosen as the best match to the
muon segment among all the possible ones
5.2.3 pT scale correction
The effects of tracker misalignment, uncorrect modeling of the magnetic field, unprecise es-
timation of the material budget (i.e. the amount of material that is to be traversed by the
particles) and biases in the reconstruction algorithms can lead to systematic errors in the
measurement of the transverse momentum, pT , and a consequent broadening of the invariant
mass resolution of the detector.
While these effects have been largely corrected by dedicated studies[9][10][11], small
residuals depending on the module of the pseudorapidity, |η|, can still be noticed. Therefore,
a correction based on two dimuon resonances (J/ψ and Z0) peak shapes is implemented[12].
The data sample used is different from the one used in the cross-section analysis, although
there will be events shared between the two datasets.
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By calling here pT
corr the corrected transverse momentum and pT
meas the measured one,
a likelihood fit has been performed on the parameters a1 and a2, in order to minimize the
width of the dimuon invariant mass peaks and to move the position of their mean value to
reflect the one reported in the Particle Data Group global mean[13]:
pT
corr = (1+ a1+ a2 · |η|2) pT meas (5.2.2)
Table 5.1 shows the results of the fit for the parameters a1 and a2. The corrections obtained
are subsequently applied to the experimental data sample.
5.3 J/ψ event selection
To select events containing a J/ψ, muons with opposite charge are paired and their invariant
mass Mµµ is calculated. If the latter is contained in a window 2.6GeV/c
2 < Mµµ < 3.5GeV/c
2,
the muon tracks are fitted with a common vertex and, if the probability of the χ2 value of this
fit is larger than 1%, the muon pair is kept.
Muons in the pair can be of three types, in increasing order of quality: there can be two
tracker muons (T-T), one tracker and one global muon (G-T) and two global muons (G-G). If
more than one candidate pair is present in the event, the one with the highest quality muons
is selected and, in case there are two muon pairs of the same kind, the pair with the highest
pT is chosen.
The event selection returns about 27000 J/ψ candidate muon pairs, of which 19% are
Global-Global combinations and 54% are Global-Tracker ones. Their invariant mass spectrum
is fitted - rapidity bin by rapidity bin - with a function having the form F(mµµ) = Fs(mµµ) +
Fb(mµµ), where Fs is a Crystal Ball function modeling the J/ψ resonance and its radiative
tail and Fb is an exponential modeling the background. Figure 5.2 shows the invariant mass
spectrum of opposite sign J/ψ dimuon candidates, along with the fit and a comparison with
same sign muon pairs.
5.4 Acceptance and efficiency
The observed number of dimuons is corrected for the detector acceptance and efficiency.
5.4.1 Single muon acceptance
Although the triggers that have been used in the data taking phase do not impose a cut on
the muon momentum, the detector imposes an effective cutoff in pT in the barrel – due to the
presence of the magnetic field, which keeps inside the solenoid all low-pT tracks – and a cut
in p in the endcaps – due to the amount of material that the muon needs to traverse ahead
of the muon stations. The single muon acceptance is the fraction of muons detected over the
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Figure 5.2: Dimuon spectrum, after initial cuts (mass window and χ2). The black points show
the opposite sign (OS) pairs, the red ones the same sign (SS) pairs. A fit to the sig-
nal+background in the OS data is shown as a black continuous line, another fit for the
background only, based on SS data is shown as a dashed blue line. Shown are dimuons at
rapidity |y|< 1.2 (top left), 1.2< |y|< 1.6 (top right) and 1.6< |y|< 2.4 (center)
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total number of muons created in a particular pseudorapidity ηµ and transverse momentum
pµT bin, and is determined by the use of simulations.
Figure 5.3: Distribution of detected single muons as a function of (pµT ,η
µ) (top left) and (pµ,ηµ) (top
right). Calculated acceptance is shown as a function of (pµT ,η
µ) (bottom left) and (pµ,ηµ)
(bottom right).
These Monte Carlo simulations are used to produce a very large sample of muons, allowing
the use of finer bins in (pT ,η) with respect to those used for the experimental data. A color-
coded representation of the single muon acceptance is visible in Fig. 5.3. In this image it is
possible to see the different thresholds in the barrel and in the endcaps. A muon is considered
to be detected if during the simulation it left at least one segment in the muon chambers.
Cuts dependent on pµ, pµT and η
µ are chosen, in order to define an acceptance region
in which the fraction of detectable single muons is larger than 10%. The reason for this
threshold is that regions of the phase space where muons are detected in smaller fractions
contain muons which are poorly reconstructed. These cuts are listed in Table 5.2.
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for |ηµ|< 1.3 −→ pµT > 3.3 GeV/c
for 1.3< |ηµ|< 2.2 −→ pµ > 2.9 GeV/c
for 2.2< |ηµ|< 2.4 −→ pµT > 0.8 GeV/c
Table 5.2: Cuts defining the single muon acceptance region
5.4.2 J/ψ acceptance
In a given (pT , y) bin, the fraction of J/ψs decaying to muon pairs that have both muons
passing the cuts listed in Table 5.2 is referred as “J/ψ acceptance”.
Figure 5.4: [left] Calculated acceptance for J/ψ, as defined by the single muon cuts. [right] Number
of detected dimuons around J/ψ peak in real data as a function of (pT , |y|). Most of the
particles end up in the endcaps and have low transverse momentum. In this region the
calculated acceptance is significantly lower than unity.
The J/ψ acceptance is calculated using Monte Carlo simulated data, and is defined as
AJ/ψ

pJ/ψT , |yJ/ψ|,λθ

=
Ndetectable

pJ/ψT , |yJ/ψ|,λθ

Ngenerated

pJ/ψT , |yJ/ψ|,λθ
 (5.4.1)
where Ndetectable is the number of J/ψs that decayed into accepted single muons, Ngenerated
is the number of generated J/ψs. Since the dependence on the rapidity has shown to be
symmetrical with respect to y = 0, the acceptance is calculated as a function of the absolute
value of the rapidity.
The parameter λθ has been written to underline the dependence of the acceptance on
the polarization of the J/ψ. Such dependence is very strong and it affects significantly the
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result of the cross-section measurement. For this reason, the description of the measurement
procedure is presented assuming an isotropic (zero) polarization of the J/ψ.
5.4.3 J/ψ Efficiency
The efficiency is the probability that an accepted dimuon originating from J/ψ decay (where
the acceptance criteria have been described in the previous paragraph) is correctly recon-
structed and identified as a J/ψ candidate.
On the side of the detector, the geometrical objects being used in the analysis are the
tracks of the two muons and their common vertex. The efficiency can be written as a product
of the efficiencies relative to these three objects:
εJ/ψ(pT , |y|) = εvertex · εµ(pµ+T , |yµ+ |) · εµ(pµ
−
T , |yµ− |) · (1+ρ) (5.4.2)
where ρ is a coefficient taking into account the correlations between the efficiencies of
the two muons, εvertex is the efficiency in identifying a common vertex between two muons
and εµ represents the single muon efficiency.
Figure 5.5: (1 + ρ) factor as a function of bin size: the left image shows the case of large bins in
(pT , y), the right one the case of small bins.
The correlations between the muon efficiencies arise from the finite size of the bins in
the (pT , y) phase space. The ρ factor is computed by a Monte Carlo simulation and, if the
bin sizes are sufficiently small, is approximately zero except for zones where the efficiency
changes rapidly (see Fig. 5.5)
By comparing the number of pairs made from two Global Muons in an invariant mass
window within±100 MeV of the nominal J/ψmass (in this window the signal is pure to 95%)
with or without the common vertex requirement, we derive the value of εvertex, measured to
be (98.35± 0.16)%.
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5.4.4 Single muon efficiency
We can study conveniently the single muon efficiency as a product of simpler factors:
εµ = εtrack · εID|track · εtrigger|ID &track (5.4.3)
where
• εtrack is the efficiency of the tracking system in finding a charged particle track
• εID|track is the efficiency of the muon system in identifying a charged track in the silicon
tracker as a muon
• εtrigger|ID& track is the probability that a muon, which has left a reconstructed track in the
silicon tracker and has been identified as such, has fired the muon trigger as well.
These efficiencies are extracted from real data by the use of the Tag and Probe method.
5.4.4.1 Tag and Probe
The Tag and Probe method uses a clean sample of pairs of opposite-charged muons, produced
in the decay of known resonances such as the J/ψ, the Υ or the Z0, to measure the efficiency
of cuts imposed on these muons.
One of the muons in the pair (the tag) is required to pass tight cuts, in order to reduce the
amount of fake tag muons to a very low level. The other muon in the pair (the probe) is the
object to be used for the efficiency measurement.
The combination of the tight cuts on the tag muon and the requirement that the muon
pair has an invariant mass compatible with the known resonance reduces to a small level also
the probability that the probe is a fake muon.
By calling Npass the number of probes that pass the cuts being studied, and Nfail those
probes who don’t, the efficiency is measured to be
εcut =
Npass(cut)
Npass(cut)+ Nfail(cut)
(5.4.4)
Care should be taken when choosing quality cuts on the probe muon, as they could bias
the probe population with respect to the cuts under measurement.
5.4.4.2 Tracking efficiency
The tracking efficiency is approximately constant over the pT values relevant to this analysis,
and shows small variations in φ (the azimuthal angle around the beam axis) and η (the
pseudorapidity) for |η|< 2.0. Figure 5.6 shows this efficiency as a function of |η|
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Figure 5.6: Data-MC comparison of tracking efficiency as a function of |η|.
5.4.4.3 Muon ID efficiency
The muon ID efficiency is equal to the fraction of Calo Muons in the tracker that are recon-
structed as Tracker Muons. This measurement was performed on a larger 3.2pb−1 sample
of data, since the muon ID performance was not changed in that period of time. Figure 5.7
shows the results of the measurement.
5.4.4.4 Trigger efficiency
The trigger efficiency varies as a function of pT and |η| due to the properties of the different
muon chambers and trigger circuits, a sample plot is visible in Fig. 5.8
5.5 Inclusive total J/ψ cross-section
The inclusive total production cross-section dσ
2
dydpT
for J/ψ production in pp collisions is de-
fined as
d2σ(y, pT )
dydpT
(pp→ J/ψ) · BR(J/ψ→ µ+µ−) = N
corr
J/ψ (y, pT )
∆pT∆y
∫ Ldt (5.5.1)
where N corrJ/ψ (y, pT ) is the J/ψ yield for the bin containing the coordinates (y, pT ), cor-
rected for the dimuon acceptance and J/ψ selection efficiency, ∆pT and ∆y are the widths
in pT and y of the bin, and
∫ L d t is the integrated luminosity corresponding to the analyzed
sample.
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Figure 5.7: Muon ID efficiency as a function of pT shown as black dots for three different pseudora-
pidity bins (in sequence |y| < 1, 1 < |y| < 1.4, 1.4 < |y| < 2.4). As a cross-check, the
measurement of muon ID efficiency from the 314nb−1 sample is shown in red squares.
Figure 5.8: Trigger Efficiency as a function of pT for the bin 1 < |y| < 1.6. A comparison between
data and simulation is shown.
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5.5.1 J/ψ yields and cross section result
The corrected yields N corrJ/ψ (y, pT ) are determined in a two-step process:
• First, in each pT and rapidity bin an unbinned maximum likelihood fit is performed on
the µ+µ− invariant mass spectrum, using a Crystal Ball function to model the signal
and an exponential function to model the background, extracting the number of signal
events, NJ/ψ(y, pT ).
The Crystal Ball function is named after the Crystal Ball Collaboration, which was the first
to publish it in an analysis, and has the form:
f (m;α, n,µ,σ) =
 e− (m−µ)
2
2σ2 for m−µ
σ
> α
A · B− m−µ
σ
−n
for m−µ
σ
≤ α (5.5.2)
with
A=

n
|α|
n
· e− |α|22
B =
n
|α| − |α|
The Gaussian shape models the detector response to the narrow particle resonance, and
the power law lower tail models the energy loss due to final state radiation and bremsstrahlung
in the detector material.
• The second step involves calculating a correction factor, which takes into account the
efficiency and the acceptance.
5.5.1.1 Correction factor
The amount of collected experimental data does not allow performing the cross section mea-
surement in fine bins in (y, pT ). Consequently, a problem arises, due to the fact that the scale
for significant variation of the efficiency and acceptance is comparable with the width of a
bin. Indeed, we could be introducing an error in the corrected yields, as the event distribution
inside the bins is unknown and the mean efficiency and acceptance in the bin depends on this
distribution.
This problem is solved by the use of the very fine grained acceptance maps obtained
by Monte Carlo simulation, and of the efficiency maps obtained from real data by Tag and
Probe, for what concerns the single muon efficiency, and by Monte Carlo simulation, for what
concerns the correlation ρ factor.
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For each big (y, pT ) bin, by calling n the number of detected J/ψ and N the number of
J/ψ decayed into muons we have
n=
∑
i
ni =
∑
i
Niεi ≡ N < ε >true
where i is an index running over the fine bins composing the big (y, pT ) bin, and the value
< ε >true is the true (unknown) product between efficiency and acceptance. If our description
of the product between the efficiency and the acceptance describes well the real efficiency, i.e.
< ε >true = < ε >meas we can write
N =
n
< ε >meas
(5.5.3)
and as the number of events in a big bin is the sum of the number of events in the fine
bins we have that the definition of 〈1/ε〉obs is:
N =
∑
i
Ni =
∑
i
ni
εi
≡ n

1
ε

obs
=
 ∑
i
ni
!
1
ε

obs
(5.5.4)
where 〈1/ε〉obs indicates that the mean is performed over the observed events in each
large bin. Since
∑
i ni = n we can invert the previous equation. By calling j = 0 · · ·n the index
running along the events in each big bin and i( j) the index of the fine bin in which the event
j falls into, we can write 
1
ε

obs
=
∑
i
ni
εi∑
i ni
=
1
n
∑
j
1
εi( j)
(5.5.5)
The corrected yields can therefore be expressed as a function of the number of counted
events N corrJ/ψ and of the product of efficiency and acceptance
¬
1
ε
¶
obs
, averaged as explained
above:
N corrJ/ψ (y, pT ) = NJ/ψ(y, pT ) ·

1
ε

obs
(5.5.6)
5.5.2 Results
The yields and uncertainties extracted from the fit are shown in Table 5.3, along with the
correction factors. The errors reported in the 〈1/ε〉obs column take into account both the
statistic and systematic errors due to the acceptance and efficiency measurements. In addition
to these errors, the integrated luminosity has an error equal to 11%
It is now possible to state the result for the total inclusive cross section for J/ψ production
at 7 TeV, integrated over pT from 6.5 to 30 GeV/c and over rapidity from −2.4 to 2.4:
σ(pp→ J/ψ+ X ) · BR(J/ψ→ µ+µ−) = 97.5± 1.5(stat)± 3.4(syst)± 10.7(lumi)nb (5.5.7)
Figure 5.9 shows the measured inclusive differential cross section for three rapidity ranges,
along with its computed error bars, in the assumption of unpolarized J/ψ.
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Figure 5.9: J/ψ differential cross section as a function of pT for different rapidity ranges.
5.6 Fraction of J/ψ from b-hadron decays
The measurement of the fraction of J/ψs coming from b-hadron decays makes use of the
capacity of the Silicon tracker in identifying secondary vertices which are displaced with re-
spect to the primary vertex (e.g. see Fig. 4.11). The primary vertex determination has been
discussed in the paragraph dedicated to muon tracking (5.2).
5.6.1 Non-prompt component
Due to their relatively large half lives, b-hadrons often travel macroscopic distances (order
of half a mm) in the detector before decaying. We estimate the proper decay length of a
candidate b-hadron with the pseudo-lifetime variable[14][15] :
`J/ψ = Lx y · mJ/ψ
pJ/ψT
(5.6.1)
By calling uˆ a unit vector pointing in the direction of the J/ψ pT , ~x the distance vector
between the primary vertex and the common vertex of the muon pair and σ the sum of the
primary vertex and secondary vertex covariant matrices, the quantity Lx y is defined as
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Lx y =
uˆTσ−1~x
uˆTσ−1uˆ (5.6.2)
we expect the distribution in `J/ψ to have a symmetric central peak, centered in zero and
broadened by detector resolution, representing prompt J/ψs, an exponential tail extending to
positive values of `J/ψ representing non-prompt J/ψs from b-hadron decay, and an additional
term due to background. By calling fN P the fraction of non-prompt J/ψs over the total, we
have that the first two (signal) terms are described by:
Fsig(`J/ψ) = fN P · FN P(`J/ψ) + (1− fN P) · FP(`J/ψ) (5.6.3)
with FN P being the exponential tail due to b-hadrons, and FP the prompt signal distribu-
tion (well approximated by a double Gaussian). This expression is plugged into the function
describing the (`J/ψ, mµµ) distribution in two dimensions, where mµµ is the invariant mass of
the muon pair:
F(`J/ψ, mµµ) = fsig · Fsig(`J/ψ) ·Msi g(mµµ) + (1− fsig) · Fbkg(`J/ψ) ·Mbkg(mµµ) (5.6.4)
where Msi g ,Mbkg and Fbkg are the functional forms describing - respectively - the invari-
ant mass distribution of the signal (a Crystal Ball), the invariant mass distribution of the
background (an exponential) and the distribution in `J/ψ of the background.
To extract the fraction of J/ψs from b-hadrons, a bi-dimensional maximum likelihood fit
is performed on the event sample, trying to maximize the log-likelihood function
ln L =
∑
allevents
ln F(`J/ψ, mµµ) (5.6.5)
This procedure is repeated for all the (pT , |y|) bins. A plot showing the different functional
forms fitted to the data in the case of two different bins is visible in Fig.5.10. Figure 5.11 shows
how the fraction of J/ψs from b-hadron increases as the transverse momentum increases. A
comparison with CDF data is also shown.
The results of these fits, taking into account systematics related to the tracking and the
`J/ψ fit, leads to the estimation of the cross section for the production of prompt J/ψs and
for the production of J/ψs from b-hadron decays at 7 TeV, integrated over pT from 6.5 to 30
GeV/c and over rapidity from −2.4 to 2.4 :
σ(pp→ J/ψprompt) · BR(J/ψ→ µ+µ−) = 70.9± 2.1(stat)± 3.0(syst)± 7.8(lumi)nb
σ(pp→ bX → J/ψX ) · BR(J/ψ→ µ+µ−) = 26.0± 1.4(stat)± 1.6(syst)± 2.9(lumi)nb
Figure 5.12 compares the measured differential prompt production cross section with the
theoretical predictions, for three different rapidity intervals.
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Figure 5.10: `J/ψ in data and fitted functional forms for two different (pT , |y|) bins: [left] is 2.0 <
pT < 4.5 GeV/c and 1.2< |y|< 1.6 [right] is 6.5< pT < 10 GeV/c and 1.6< |y|< 2.4
Figure 5.11: Plot of fB as a function of pT , for different rapidity ranges. A comparison with CDF data
is also shown.
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pJ/ψT (GeV/c) NJ/ψ 〈1/ε〉−1obs pJ/ψT (GeV/c) NJ/ψ 〈1/ε〉−1obs
1.6< |y|< 2.4
0.00 - 0.50 695.6± 40.7 0.075± 0.008
|y|< 1.2 0.50 - 0.75 829.3± 44.7 0.079± 0.010
6.5 - 8.0 726.5± 28.3 0.084± 0.005 0.75 - 1.00 1006.0± 48.8 0.078± 0.010
8.0 - 10.0 868.1± 30.7 0.178± 0.005 1.00 - 1.25 1216.8± 52.8 0.079± 0.010
10.0 - 12.0 513.2± 23.5 0.288± 0.008 1.25 - 1.50 1232.9± 53.7 0.077± 0.008
12.0 - 30.0 636.0± 26.1 0.405± 0.008 1.50 - 1.75 1252.9± 50.3 0.075± 0.008
1.75 - 2.00 1132.7± 57.5 0.074± 0.006
2.00 - 2.25 1122.7± 55.0 0.071± 0.006
1.2< |y|< 1.6 2.25 - 2.50 899.9± 39.4 0.074± 0.006
2.0 - 3.5 414.9± 38.0 0.016± 0.001 2.50 - 2.75 903.3± 72.4 0.075± 0.004
3.5 - 4.5 401.7± 23.2 0.035± 0.004 2.75 - 3.00 757.6± 36.2 0.077± 0.005
4.5 - 5.5 618.9± 28.9 0.086± 0.004 3.00 - 3.25 756.1± 35.7 0.082± 0.005
5.5 - 6.5 690.9± 34.0 0.167± 0.005 3.25 - 3.50 703.6± 33.6 0.084± 0.004
6.5 - 8.0 712.0± 28.0 0.247± 0.006 3.50 - 4.00 1150.2± 40.0 0.092± 0.005
8.0 - 10.0 463.7± 23.3 0.334± 0.009 4.00 - 4.50 991.8± 35.8 0.100± 0.004
10.0 - 30.0 406.2± 22.4 0.445± 0.010 4.50 - 5.50 1441.4± 42.6 0.117± 0.005
5.50 - 6.50 993.0± 34.7 0.157± 0.008
6.50 - 8.00 900.6± 35.1 0.193± 0.008
8.00 - 10.00 604.3± 26.8 0.250± 0.007
10.00 - 30.00 462.6± 23.6 0.309± 0.010
Table 5.3: Uncorrected inclusive J/ψ yields and correction factors
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Figure 5.12: Measured differential prompt production cross section compared to theoretical predic-
tions, for three different rapidity intervals
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5.7 Recent developments
For the whole 2010 proton run, CMS recorded a total of 42.9pb−1 of data, out of which
39.6pb−1 were certified to be used in studies requiring the use of muons. The larger amount
of statistics and the better estimation of the integrated luminosity allowed to prepare a more
precise study on the production cross sections for the J/ψ meson, and a first measurement on
the ψ′ meson.
5.7.1 MC and Data samples
Due to changes in the High Level Trigger algorithms between the Run 2010A (until the be-
ginning of September) and Run 2010B (September-November), it was chosen to use only the
data pertaining to the Run B period, which correspond to 36.7± 1.5pb−1.
The data used for this analysis were collected with the HLT Double Muon triggers. These
triggers require both muon to be identified at Level1, to be reconstructed from at least two
segments in the muon system and to be matched to their respective silicon tracker tracks. The
low rate of this kind of trigger allowed the triggering to be made without an explicit cut on
the muon pT . Again, only Global and Tracker muons have been used for the analysis.
Monte Carlo samples have been produced to study the detector acceptance and provide a
cross-check for the efficiency and cross-section measurements, in a similar way to the previous
analysis.
5.7.2 Acceptance and Efficiency
Acceptance has been estimated in an analogous way to the previous study, the efficiency has
been estimated trough the Tag and Probe method, based on the full 2010B data sample.
5.7.3 Estimation of the prompt and non-prompt fractions
The estimation of the prompt and non-prompt fractions is done - similarly to the previous
study - by performing a 2D fit on the invariant mass-pseudolifetime plane, although with a
difference: the signal and background functions are each convoluted with a resolution func-
tion specific to the event being considered (per-event errors).
This allows to use a single Gaussian for the prompt signal and background components,
representing more than 99% of the events, and an additional one as a small correction factor.
5.7.4 Results
The jump in luminosity between the two measurements, that relative to an integrated lumi-
nosity of 314nb−1 and that relative to an integrated luminosity of 36.7pb−1, is by a factor of
94 CHAPTER 5. MEASUREMENT OF J/ψ CROSS SECTION
around 117 and shows a remarkable agreement between the two sets of data and the good
confidence that we have no fundamental systematic error hidden by the lack of statistics.
The new measurement for the J/ψ inclusive differential production cross section is shown
in Figure 5.13, along with the data from the previous measurement: there is a good agreement
between the two, and the inclusive cross-section seems to have little dependence on the
rapidity.
The differential cross section for the production of prompt and non-prompt J/ψ and ψ′
are shown in Figure 5.15, plotted against theoretical predictions of the NRQCD model[16]
for the prompt components and of the FONLL (Fixed Order Next to Leading Log)[17][18] for
the non prompt components. The former show an excellent compatibility with the measured
data, whilst the latter seems to predict a production differential cross section slightly larger
than the one observed.
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Figure 5.13: The measurement for the J/ψ inclusive differential production cross section has been
performed in a bigger number of pT and rapidity bins, thanks to the increased amount of
statistics. The results from the 314nb−1 data set are also shown for comparison.
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Figure 5.14: Differential production cross section for prompt [top left] J/ψ and [top right]ψ′ mesons,
plotted against the predictions of the NRQCD model (shown in yellow and cyan bands),
showing good agreement for both particles.
Figure 5.15: Differential production cross section for non-prompt [left] J/ψ and [right] ψ′ mesons,
plotted against the predictions of the FONLL model (shown in yellow and cyan bands),
showing good agreement for the J/ψ and a small but systematic overestimation by the
model for the case of the ψ′.
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Chapter 6
Measurement of J/ψ polarization
6.1 Data samples
6.1.1 Experimental data sample
The increase by a factor 105 of the instantaneous luminosity over a few months during the
2010 proton run imposed regular changes in the settings of the muon triggers (up to once
every two weeks), in order to keep the trigger rates under control. Indeed, failure in doing so
would have lead to the storage system being overwhelmed by the excessive flux of incoming
data.
Nevertheless, these recurrent changes made difficult to assess the efficiencies for all the
triggers that contributed to the acquisition of collision data, as the study of the trigger effi-
ciencies is a time-consuming activity.
6.1.1.1 Double muon triggers
The first kind of triggers used for the data taking was the HLT double muon triggers family,
similar to the dimuon triggers used in the cross-section analysis but having more stringent
requirements on muon quality.
This family is formed by two triggers: HLT_DoubleMu0, which requires two muons to
be identified at HLT trigger level, and HLT_DoubleMu0_Quarkonium_v1, which requires the
muon pairs to contain oppositely charged muons, and to have an invariant mass falling into
a window of interest for quarkonium studies (1.5 < mµµ < 14 GeV). These two triggers
collectively recorded data for an integrated luminosity of 39.6pb−1.
The number of J/ψ→ µ+µ− events in this sample which pass the quality cuts is around 1
million events.
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Trigger path
∫
dt (pb−1)
HLT_Mu0_TkMu0_Jpsi 3.1
HLT_Mu0_TkMu0_Jpsi_OST 15.7
HLT_Mu0_TkMu0_Jpsi_OST_Tight_v2 18.6
HLT_Mu0_TkMu0_Jpsi_OST_Tight_v3 2.3
Table 6.1: Trigger paths of the low pT J/ψ trigger family and integrated luminosities associated to
each of them
6.1.1.2 Low pT J/ψ triggers
Another HLT trigger family was also used: the low pT J/ψ triggers. This family is shown in
Table 6.1 along with the integrated luminosities associated with each of these triggers.
These triggers require one muon to be identified as a standard HLT muon (as are both
muons in the case of double muon triggers), this identification is computationally fast but leads
to a low efficiency for low-pT muons. In case such a muon is identified the trigger runs a full
reconstruction of the tracker tracks, looking for a muon candidate. This step has a significantly
better efficiency for low-pT muons, but also has far greater computational requirements.
Reaching muons with a small transverse momentum is very important in terms of accep-
tance, as they correspond to muons which are emitted at large values of cosθ in the helicity
frame. This region is very sensible to the polarization of the J/ψ and therefore this specific
kind of muon deserves a particular attention.
Figure 6.1: Distribution of collected J/ψ as a function of y and pT for [left] the HLT_Mu0_TkMu0_Jpsi
family of triggers and [right] the HLT_DoubleMu0 family of triggers. Notice the great
improvement at low pT introduced by the use of HLT_Mu0_TkMu0_Jpsi
The “Tight” version of these triggers rejected all of the events in which the dimuons were
found to be in a cowboy geometry. These are events where the positive and the negative muons
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are emitted in such a way that they are bent by the solenoidal magnetic field back together,
in proximity of the Cathode Strip Chambers. This trigger requirement was chosen because
muons striking the CSCs very close to each other may lead to one of them being ignored.
This effect is caused by the algorithms used to reduce the ghosting effects described in Par.
4.3. Those events in which the muons are bent away from each other are instead referred as
seagull dimuons.
A trigger-level cut on the invariant mass of the muon pairs is applied to keep the trigger
rates under control: only dimuons comprised in an invariant mass window 2.5 < mµµ < 4.0
are kept.
After performing a selection on the events based on quality cuts, the number of J/ψ →
µ+µ− events in the sample available for further studies amounts to around 2 million events.
Unfortunately for this family of triggers an estimation of all the trigger efficiencies from
data is not yet available, and the Monte Carlo which should have modeled it has shown to be
unreliable. Therefore, data from this source cannot be used at the moment.
6.1.2 Monte Carlo sample
A Monte Carlo sample was produced with the use of the PYTHIA package, and the produced
events were passed through the CMS full simulation software. Smearing due to final state
radiation was simulated with the use of the PHOTOS package, in a way similar to what was
done for the cross section analysis.
A private Monte Carlo code was separately used to generate the data for the acceptance
study. This code has been optimized to speed up the processing time by simulating only the
steps needed for the determination of the acceptance.
6.2 Acceptance
6.2.1 Single muon acceptance
Using the aforementioned private Monte Carlo code, a sample of J/ψ mesons decaying to
muons is generated by an optimized Monte Carlo program, then the passage of the muons
through the CMS detector is simulated.
Single muon acceptance is estimated with the same procedure followed in the course of
the cross section analysis and the acceptance region contours have been chosen to be identical:
pµT > 3.3GeV for |ηµ|< 1.3
pµ > 2.9GeV for 1.3< |ηµ|< 2.2
pµT > 0.8GeV for 2.2< |ηµ|< 2.4 (6.2.1)
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Figure 6.2: Acceptance for single muons as a function of [left](η, pT ) and [left](η, p)
6.2.2 Dimuon acceptance
In this analysis the dimuon acceptance is calculated for every (pT , y) bin as a 2-dimensional
map, function of the decay angles (θ ,φ) of the reference muon (in our case the positive
muon). This is equivalent at stating that the acceptance is expressed as a function of the four
variables (pT , y, cosθ ,φ).
Since the polarization analysis involves performing the extraction of the asymmetry pa-
rameters in different frames of reference, and since the (θ ,φ) angles are specific to each
frame, the acceptance is calculated independently for each of these reference frames.
The explicit dependence of the acceptance on the decay angles in the J/ψ rest frame strips
away the strong dependence of the acceptance on the J/ψ polarization that was noticed in
the study of J/ψ production cross-section. This is explained by the fact that an acceptance
not considering the decay angles as variables involves an implicit integration over the decay
angles of the muons (cosθ ,φ)
The dimuon acceptance is defined in a similar way as that of the cross-section analysis:
the muons constituting a dimuon have both to pass the single muon acceptance cuts
Af (pT , y, cosθ ,φ) =
Ndet(pT , y, cosθ ,φ)
Ngen(pT , y, cosθ ,φ)
(6.2.2)
where Ngen is the number of generated dimuons coming from J/ψ decays in flight, f refers
to the specific reference frame considered (HX or CS) and Ndet is the number of dimuons in
which both muons pass the cuts shown in 6.2.1.
A dimuon acceptance map as a function of (cosθ ,φ) is visible on the left in Figure 6.3 for
a particular bin in (pT , |y|). The map shows a four-fold symmetry because - at the momenta
relevant to this analysis - positive muons behave identically as the negative ones (giving a fac-
tor of two) and because the reference frames are defined from the direction of the momentum
of the beams. Since the beams are unpolarized and symmetric with respect to the collision
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Figure 6.3: [left] Acceptance for dimuons in a bin of rapidity 0.0 < |y| < 0.9 and 10.0 < pT < 15.0
GeV/c, as a function of the muon decay angles. [right] Since the map shows a four-fold
symmetry, it is folded twice to improve the statistical accuracy.
point an additional factor of two emerges. In order to take advantage of these symmetries,
the map is folded twice following these transformations:
φ→ 180◦+φ,θ →−θ for − 180◦ < φ <−90◦ (6.2.3)
φ→−φ,θ → θ for − 90◦ < φ < 0◦ (6.2.4)
φ→ 180◦−φ,θ →−θ for 90◦ < φ < 180◦ (6.2.5)
and the result of the folding is shown on the right of Fig. 6.3
6.3 Muon quality cuts
In the experimental data, a series of cuts on the quality of the muons is applied, to reduce the
background and the amount of fake muons. These are:
• Concerning the part of the muon track inside the silicon tracker:
– The muons need to have produced 11 hits or more in the whole tracker
– The muons need to have produced 2 hits or more in the pixel tracker
– A cut is imposed on the χ2 of the track: χ2/n.d.o.f.< 1.8
– With respect to the PV, the muons need to have |d0|< 3cm and |dz|< 15cm
• Concerning muons that are part of the global muon category:
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– A cut is imposed on the χ2 of the global track (tracker and muon stations):
χ2/n.d.o.f.< 20
– The muons need to have at least one valid hit in the muon stations
Additionally, dimuon tracks are fitted with a common vertex and if the probability of the
χ2 for the fit is below 1%, the event is rejected. This improvement in the selection cut,
compared to the one used for the cross section analysis, is made possible by the large amount
of statistics - a factor 100 larger to that collected up to the end of the Summer - collected in
Fall 2010.
If in an event more than one dimuon passes the above cuts, the one with the highest
common vertex probability is chosen. The fraction of events where such a choice is applied is
of the order of 1% and has negligible impact on the polarization measurement.
6.4 Efficiency
Similarly to the case of the cross-section analysis, the efficiency is split into factors and these
are studied separately. As for the acceptance, an efficiency map is calculated for every refer-
ence frame used in the analysis, and expressed in a 4D space as a function of (pT , y, cosθ ,φ).
At the moment the efficiencies are calculated by the use of the Monte Carlo sample de-
scribed in paragraph 6.1.2 and are cross-checked with efficiencies extracted from data via a
Tag and Probe procedure.
Figure 6.4: Example of Tag and Probe fit for the study of the efficiencies. Shown in blue is the fit to
the invariant mass distribution of all the probe muons, in red is the one made on failing
probes, in green is the one made on passing probes. The yields extracted by the fit are
used to compute the efficiency as the ratio (passing probes)/(all probes).
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The analysis involves the study of pairs of muons, thus in the case of symmetric muon
triggers (as the HLT_DoubleMu0 family) the efficiency can be modeled starting from the single
muon efficiency and adding a correlation term:
εµ
+µ−(pT , y, cosθ ,φ) = ε
µ+(pT ,η(y)) · εµ−(pT ,η(y)) ·ρµ+µ−(pT , y, cosθ ,φ) (6.4.1)
where the single muon efficiencies for positive muons εµ
+
and negative muons εµ
−
are the
same in the conditions in which we perform the measurement at CMS, and can be expressed
as
εµ = εµtrig|track&muonID · εµmuonID|track · εµtrack (6.4.2)
where
• εµtrig|track&muonID is the efficiency of the trigger for tracks that were identified as muons
• εµmuonID|track is the efficiency to associate a tracker track to muon stations hits, with the
requirement that the track passes the quality cuts discussed earlier
• εµtrack is the efficiency of the silicon tracker in finding tracks from a set of muon hits
the muon trigger efficiency can be split into εµtrig = ε
µ
L1L2 · εµL3 where L1L2 indicated the
first two stages of the trigger, while L3 is the last one.
For asymmetric dimuon triggers (as the HLT_Mu0_TkMu0_Jpsi family, where only one
muon is required to fire a L1 trigger and the other can be accepted at HLT, giving much lower
thresholds) the expression for efficiency gets more complicated, as it requires treating the
muon that fires the trigger and the other one separately and independently.
For the purpose of calculating them, the tracking and trigger efficiencies for single muons
assume the form:
ε frec(pT , y, cosθ ,φ) =
N frec(pT , y, cosθ ,φ)
N facc(pT , y, cosθ ,φ)
ε
f
trig|rec(pT , y, cosθ ,φ) =
N ftrig(pT , y, cosθ ,φ)
N frec(pT , y, cosθ ,φ)
(6.4.3)
where
• Nfacc(pT,y, cosθ ,φ) is the number of detectable dimuons, for that particular bin
• Nfrec(pT,y, cosθ ,φ) is the number of dimuons successfully reconstructed, for that par-
ticular bin
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• Nftrig(pT,y, cosθ ,φ) is the number of dimuons that fired the trigger, for that particular
bin
The polarization analysis is very sensible to artificially introduced anisotropies, thus is
important that the efficiencies are calculated correctly. Due to the fact that a Monte Carlo
simulation is being used for the efficiencies, a great care is needed in checking that this simu-
lations describe correctly the real efficiencies. While this is the case for the HLT_DoubleMu0
family of triggers, the centrally produced CMS Monte Carlo samples, generated in Fall 2010,
model unreliably the HLT_Mu0_TkMu0_Jpsi family of triggers.
Nevertheless, since the latter triggers are very attractive due to their very low pT reach for
muons, there’s interest in moving the calculation of the trigger efficiencies from a MC-based
scenario to a fully data driven scenario, using the Tag and Probe method.
6.4.1 Efficiencies from data using Tag and Probe
The Tag and Probe method has been already described in Paragraph 5.4.4.1. During my work
in the Quarkonia Polarization Working Group I was given the responsibility to use this method
to study the single muon HLT level 3 (L3) efficiency of the HLT_DoubleMu0 trigger (see Fig.
6.4 for an example of Tag and Probe fit).
The efficiency has been studied as a function of different variables:
• Transverse momentum pT
• Pseudorapidity η
• Azimuthal angle around the beam axis in the laboratory frame φ
• Muon charge
• Run period (as, over time, some tunings were introduced in the detector configuration,
changing its response)
• Geometrical configuration of the muon pair (converging cowboy dimuons or diverging
seagull dimuon)
The muon charge and azimuthal angle didn’t show to affect the efficiency. There was -
instead - a dependence on time, this was explained by a change in the CSC reconstruction al-
gorithms in September 2010, that led the efficiency in the endcaps to improve by a significant
factor of 10%.
Dependence was also found on the geometrical configuration of the muon pair for forward
rapidities, in correspondence to the endcaps, showing that ghosts produced by the passage of
a muon in the CSC (see Paragraph 4.3) can degrade the reconstruction performance. Some of
the plots produced for this study are shown in Figs. 6.5,
The efficiencies obtained for HLT_DoubleMu0 have been saved and are going to be used
soon to replace the Monte Carlo-based efficiencies.
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Figure 6.5: Charge dependence of L3 efficiency, as a function of [top] pT and [bottom] in a particular
pseudo rapidity bin −2.1< η <−1.6
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Figure 6.6: Time dependence of L3 efficiency, as a function of [top] pT and [bottom] pseudorapidity
η. The black points refer to the run 2010A (before September 2010) and the red ones
to the run 2010B (September-November 2010). The improvement in run 2010B is easily
noticeable.
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Figure 6.7: Dependence of L3 efficiency on the geometrical configuration of the muon pair, as a func-
tion of [top] pT and [bottom] pseudorapidity η. The black points refer to seagull (diverg-
ing) and the red ones to cowboy (converging) muon pairs. The change in efficiency affects
the endcaps, where CSC are used to identify and track the muons.
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6.5 Measurement method
A fitting framework has been designed to take care of all aspects of the polarization measure-
ment, for each bin in (pT , y).
Figure 6.8: Distribution of events on the (`J/ψ, mµµ plane, showing the different regions for prompt
signal, non-prompt signal, left and right sidebands.
If we observe the M(invariant mass)-`(pseudolifetime) plane (Fig. 6.8), we notice that it
is divided into four regions:
1. The prompt signal region
2. The non-prompt signal region
3. The low mass sideband region
4. The high mass sideband region
the signal regions are defined as windows in the mass spectrum centered around the J/ψ
peak, and having a width equal to ±3.5σ from the peak, where σ is the peak width. The low
mass sideband region has a lower bound at 2.7 GeV/c2 and an upper bound at a distance of
4σ from the mass peak. The high mass sideband has a lower bound at 4σ from the mass peak
and an upper bound at 3.5 GeV/c2. The sidebands are sufficiently far from the peak to render
the contamination by signal events a negligible effect.
In order to describe the probability distribution for the events in the (M ,`) plane in the
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signal region, the following function is used:
P(M ,`| fN P , fBG) = (1− fBG) · [(1− fN P) ·LP(`)+ fN P ·LN P(`)] ·MP+N P(M)
+ fBG ·LBG(`) ·MBG(M) (6.5.1)
where
• MP+N P andMBG are functional forms describing, respectively, the invariant mass shape
of the signal and of the background, each one normalized to unity.
• LP ,LN P and LBG are functional forms describing, respectively, the shape of the lifetime
distribution for prompt J/ψs, for non-prompt J/ψs and for the background, each one
normalized to unity.
• (1− fBG) and fBG are, respectively, the fractions of the signal and of the background.
• (1− fN P) and fN P are, respectively, the fractions of the prompt and non-prompt events.
An additional function needs to be defined to describe the mass sidebands
PLR(M ,`) =N ·LBG(`) ·MBG(M) (6.5.2)
where N is a normalization coefficient.
If we consider the observable decay distributions in a given polarization frame for the
prompt and non-prompt component, we see that
WP(cosθ ,φ|~λP)∝ wP(cosθ ,φ|~λP) · AP(cosθ ,φ)
WN P(cosθ ,φ|~λN P)∝ wN P(cosθ ,φ|~λP) · AN P(cosθ ,φ) (6.5.3)
where ~λ ≡ (λθ ,λφ ,λθφ) are the polarization parameters, W is the observed distribution
and w is the physical distribution (both having a form of the kind described in 2.2.7), A is
the combination of the efficiency maps with the acceptance maps. The subscripts indicate the
prompt (P) and non-prompt (NP) component.
Additionally, the angular distribution for the events in the background WBG is defined as
an average over the events contained inside the mass sidebands. It is possible now to write a
function describing the decay angular distribution for all the events in the sample:
P(cosθ ,φ|~λP ,~λN P , fN P , fBG) = (1− fBG) · [(1− fN P) ·WP(cosθ ,φ|~λP)
+ fN P ·WN P(cosθ ,φ|~λ)] + fBG ·WBG(cosθ ,φ) (6.5.4)
and combining it with the expression for the distribution in the (M ,`) plane we obtain
the complete distribution of the events as a function of M ,`, cosθ ,φ) and parameterized by
(~λP ,~λN P , fN P , fBG):
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P(M ,`, cosθ ,φ|~λP ,~λN P , fN P , fBG) = (1− fBG)[(1− fN P) ·LP(`) ·WP(cosθ ,φ|~λP)
+ fN P ·LN P(`) ·WN P(cosθ ,φ|~λN P)] ·MP+N P(M)
+ fBG ·WBG(cosθ ,φ) ·LBG ·MBG(M) (6.5.5)
In a given point in the parameter space (~λP ,~λN P , fN P , fBG), this function is calculated for
each J/ψ candidate event. The product over all the events in the sample is the likelihood
function used in the final fit:
L(~λP ,~λN P , fN P , fBG) =
n∏
i=1
P(Mi ,`i , cosθi ,φi|~λP ,~λN P , fN P , fBG) (6.5.6)
In order to constrain the shapes of the functions describing the lifetime and invariant mass
of the background, the additional term PLR(M ,`) is added to the likelihood:
L(~λP ,~λN P , fN P , fBG) =
nS∏
i=1
P(Mi ,`i , cosθi ,φi|~λP ,~λN P , fN P , fBG) ·
nLR∏
j=1
PLR(M j ,` j) (6.5.7)
where the first product runs over the nS events in the signal region, and the second product
over the nLR events in the left and right sidebands. Figure 6.9 shows a projection of the events
in the (M ,`) plane on the ` axis, along with the fitted functions for prompt, non-prompt and
background distributions.
Figure 6.9: Distribution of events as a function of `J/ψ, showing the results of the fit.
The final fit is performed simultaneously on the (~λP ,~λN P , fN P , fBG) parameter space, using
a Markov Chain Monte Carlo algorithm. This method is free from fitting artifacts and fake
convergences, but is computationally very heavy. Therefore the cross-checks on the partial
data are performed on a simpler maximum likelihood algorithm based on the Minuit package.
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6.6 Status of the polarization measurement
Currently only partial results for the polarization have been produced, and these results are
not considered to be reliable enough to prompt their publication. The main reasons behind
the delay are:
• The fact that data collected with the low pT J/ψ triggers (representing 23 of the avail-
able statistics) cannot be used at the moment, due to the incorrect description of the
efficiency by the Monte Carlo simulations. An effort is being undertaken to extract all
the efficiencies from real data, but this procedure is complex.
• Further complexity is introduced by the need of estimating the muon correlations (ρ
factor) via a Monte Carlo simulation, and in a way consistent to the real data.
• The final calculation uses an algorithm which is very time-consuming. Thus the prelim-
inary steps are performed with simpler algorithms, which allow tuning work to proceed
more rapidly but at the same time are more prone to systematic and fit errors.
A study on the sensitivity of the measurement has been performed with a Toy Monte Carlo
procedure: samples of J/ψs with different polarizations, equivalent to the amount of data
collected with the low pT J/ψ triggers, have been produced with a Monte Carlo generator
(PHYTIA), then passed through the detector simulation code, then skimmed using the anal-
ysis cuts previously presented and finally fed into the fitting framework (although using the
simpler algorithms based on Minuit). The events were studied at three levels of complexity:
• Generator level, where the number of events in each (pT , y,θ ,φ) was fed directly into
the fitting framework
• Acceptance level, where the number of events in each bin was corrected for the accep-
tance before being fed into the fitting framework
• Efficiency level, where the number of events was corrected for the contributions of both
acceptance and efficiency
Three different polarizations were simulated in each of the polarization frames (HX and
CS):
• No polarization: λθ ,λφ ,λθφ= (0,0, 0)
• Longitudinal polarization: λθ ,λφ ,λθφ= −12 , 0, 0
• Transverse polarization: λθ ,λφ ,λθφ= +12 , 0, 0
Examples of the plots produced for this study are visible in Fig. 6.10
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Figure 6.10: [top] Mean value and variance of the polarization parameter λθ extracted from the fits
in the Toy Monte Carlo exercise in the case of transverse polarization in the Collins-Soper
frame at the efficiency level. The values cluster around λθ = 0.5 as expected. [bottom]
Mean value and variance of the polarization parameter λθ extracted from the fits in the
Toy Monte Carlo exercise in the case of null polarization at the acceptance level. The
values for λθ have a huge dispersion around the zero: this is a result of not taking into
account the efficiency.
The plots show that already in the case of these preliminary tests, which use Minuit and
not the Markov Chain Monte Carlo method, there’s a good sensitivity if the efficiencies and
acceptances are taken into account. Not taking into account the efficiency makes instead
impossible to determine the polarization parameters.
6.7 Prospects and goals
The measurement of the J/ψ decay anisotropy parameters in the Collins-Soper and helicity
frames has been shown to be possible. It will be complemented by a frame-invariant analysis
of the data and is on the way to be worked out in all its details.
Nevertheless, this measurement will only give a description of the mean polarization of the
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prompt and non-prompt components. In chapter 1 I have mentioned that these components
are populated by events of different kind: some J/ψ are directly produced whereas others
involve the transition through different (real) states, as the ψ′ and the χc , which finally decay
into photons and a J/ψ.
This measurement at CMS will represent an important step forward in the understand-
ing of the polarization of J/ψ produced in pp collisions, but needs to be complemented by
measurements on the other states of the charmonium family which decay to J/ψ.
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